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ABSTRACT: In this comprehensive review, recent progress and developments on
perfluorinated sulfonic-acid (PFSA) membranes have been summarized on many key
topics. Although quite well investigated for decades, PFSA ionomers’ complex behavior,
along with their key role in many emerging technologies, have presented significant
scientific challenges but also helped create a unique cross-disciplinary research field to
overcome such challenges. Research and progress on PESAs, especially when considered
with their applications, are at the forefront of bridging electrochemistry and polymer
(physics), which have also opened up development of state-of-the-art in situ
characterization techniques as well as multiphysics computation models. Topics
reviewed stem from correlating the various physical (e.g, mechanical) and transport
properties with morphology and structure across time and length scales. In addition,
topics of recent interest such as structure/transport correlations and modeling,
composite PFSA membranes, degradation phenomena, and PFSA thin films are
presented. Throughout, the impact of PFSA chemistry and side-chain is also discussed to
present a broader perspective.
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1. INTRODUCTION

Perfluorinated sulfonic-acid (PFSA) ionomers are members of a
class of ion-conductive polymers known for their remarkable
ion conductivity and chemical-mechanical stability. PFSAs are
commonly used as the solid-electrolyte in electrochemical
technologies, especially as the proton-exchange membrane
(PEM) in polymer-electrolyte fuel cells (PEFCs) and the
sodium-ion conductor in the chlor-alkali industry, which have

been driving forces behind PFSA research since the 1970s,
when the first commercial PFSA ionomer, Nafion was
developed by DuPont.' [Nafion is a registered trademark of
E. L DuPont De Nemours & Co. Nafion membrane is a
commercially available PFSA-based membrane commonly used
in fuel cell applications.] Even after decades of research into
alternate PEMs, Nafion still serves as the canonical solid
electrolyte for most energy-storage and -conversion devices due
to its inherent electrochemical functionalities of efficient ion
and solvent transport in a chemically inert mechanically robust
matrix that inhibits the transport of electrons and reactants/
products.

Nafion is a random copolymer composed of an electrically
neatral semicrystalline polymer backbone (polytetrafluoro-
ethylene (PTFE)) and a randomly tethered side-chain with a
pendant ionic group, SO;~ (polysulfonyl fluoride vinyl ether),
that is associated with a specific counterion (e.g, SO;” + H —
SO,H). The dissimilar nature of the covalently bonded pendant
group and backbone results in natural phase separation, which
is enhanced by solvation (upon introduction of water or solvent
molecules). Tt is this phase-separated morphology that gives
PFSAs their unique ion- and solvent-transport capabilities. As
such, PFSAs are, in essence, multifunctional polymers with
transport and mechanical functionalities governed by their
morphology in the presence of electrostatic interaction. This
morphology however is also dependent on the various
interactions and balance between the mechanical (deformation)
energy associated with the hydrophobic backbone and the
chemical/entropic energy associated with hydration of the
hydrophilic ionic groups their side chains. This balance is
controlled and impacted by wide range of environmental and
material parameters that govern the structure/property
relationship of PFSAs, as summarized in Figure 1.

For a given application, improving the membrane’s overall
stability requires an understanding of how different stressors
(e.g, mechanical, electrochemical, environmental) impact the
ionomer. Any effort to improve the transport functionalities
(performance) is likely to undermine the mechanical stability
(device longevity); the challenge to enhance the transport
without compromising the latter, ie. mechanical integrity,
requires optimization of the phase-separated morphology.

The most impactful route to control the morphology is
through the ionomer chemistry. PFSAs can be characterized by
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Figure 2. General chemical formula for the PFSA ionomers of various forms, shown with key chemical structural parameters governing their phase-
separated morphology and properties. Impact of EW and side-chain chemistry is highlighted for selected commercial PFSAs.

a combination of (1) equivalent weight, EW, grams of dry
polymer per ionic group, i€, Zogmer/MOlinicgroups Which is
inversely proportional to the ion-exchange capacity (IEC), and
(2) side-chain chemistry and length (Figire 2). EW is directly
related to the number of TFE units in the backbone, m, via EW
= 100m + MW_g. chainy Which is the side-chain molecular weight.
For a given EW, the shorter the side-chain (or the lower its
MW) of the PFSA, the higher its backbone fraction. Thus, both
side-chain length (size) and backbone length (m) control the
EW and chemical structure of the PFSA ionomer, and its phase-
separation behavior. In addition, the counterion that neutralizes
its SO;~ groups is also critical in determining the ionomer’s
structure, with the protonated form being the most common.

Despite the unequivocal dominance of Nafion in literature
studies, PFSAs with IECs and short(er) side-chain chemistries,
have gained considerable attention in an effort to optimize
tunctionalities. In particular, those by 3M, Solvay Specialty
Polymers (i.e,, Aquivion, formerly known as Dow SSC ionomer
by Dow Chemical Company), and Asahi Glass (i.e, Flemion),
as well as reinforced composite PFSAs by W. L. Gore and
Associates (i.e, Gore-SELECT, GORE-SELECT and GORE
and designs are trademarks of W. L. Gore & Associates, Inc.).
Sharing the same backbone chemistry, these PFSA ionomers
are sometimes categorized according to their side-chain length
and EW. For example, Aquivion (formerly Dow) PFSAs are
commonly classified as short-side-chain (SSC) PFSAs, while
Nafion could be considered a long-side chain (LSC) PFSA.
[This terminology is less common, and generally speaking
length-based classification of side-chains could change depend-
ing on the context. For example, 3M PFSA has a shorter-side
chain compared to Nafion, but it is not known as an SSC,
which usually indicates Dow/Aquivion PFSA.] As seen in
Figure 3, the PFSA ionomers with shorter-side chains and
higher TECs have been increasingly studied,”™” due to their
increased transport properties and performance in devi-

Figure 3. Changes in PFSA material thickness and types over the
decades in terms of journal publications showing an increased interest
in thinner membranes, stabilized/composite PFSAs as well as
dispersion and thin films. Inset shows the fraction of papers published
over the past decade on selected categories of PFSAs (Nafion
membrane, newer generation PFSAs, Hybrid PFSAs, and thin films).
The plot at the bottom shows the change in the average thickness of
the membranes used in these studies over the years.

ces.” ¥ 1t is not just the length of the side-chain but also

its chemistry that governs a PFSA’s properties, which could be
even more relevant and important when studying the ionomers
in a dispersion state or the interfaces they form with the other
materials (such as thin films or in electrode structures).
Another trend is that the thicknesses of PFSA membranes
have been decreasing (Figure 3) driven by the need to reduce
overall transport resistances, which, however, tends to
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accelerate gas crossover, subsequently reducing system
efficiency.'” This trend is especially seen for polymer-
electrolyte fuel cells (PEFCs) where there is a need for thinner
but stable ionomers that can withstand the aggressive chemical
and environmental conditions, while meeting the durability
targets for commercializaiton.”**

Figure % clearly shows that there is a substantial amount of
research activity in PFSAs; thus, a review on this topic is timely.
[Due to increasing number of papers in the literature, a
significant effort has been made by the authors to search, select,
and include all the relevant references available on the web by
early 2016, with a focus on the past decade, yet still considering
the historically important papers and seminal works from
earlier decades. Over 2500 papers on the topic have been
reviewed and analyzed for content and key findings.] In terms
of previous reviews, the most complete review on Nafion was
published by Mauritz and Moore in 2004." That paper contains
an extensive review of the literature on Nafion to that date and
covers an overview of Nafion’s chemical structure, morpho-
logical descriptions based on small- and wide-angle X-ray
scattering (SAXS, WAXS), microscopy studies, nature of water
and solvents in the membrane, conductivity, and molecular-
level structure based on molecular-dynamics simulations. While
most of the studies prior to 2005 used the 175-um thick Nafion
117 membrane (or a similar generation N11x but with different
thickness), there has been a shift in the past decade to new
generation of dispersion-cast Nafion (NR-21x) membranes of
25 to 50 pm thick, as well as stabilized membranes that impart
different functionality, especially with regard to transport and
durability properties. [In these Nafion membranes, x indicates
the thickness in mil (e.g, N112, x = 2 mil, 50 gm nominal
thickness).] Thus, a vast collection of newer studies on PFSAs
can be classified as (i) new modeling and diagnostic studies of
Nafion thanks to the advances in the field, (ii) new PFSA
ionomers, including the new generation and alternative
chemistries, and (iii) new applications beyond PEFCs, with
different ionomer behavior.

As seen in Figure 3, an ever-growing number of studies on
Nafion have accumulated over the past decade, which have
provided significant improvements on the understanding of it,
its morphology, and interrelations of its structure/function
properties. In addition, specific reviews have also been
published on topics of chemical structure within the context
of other sulfonated ionomers'® or PFSAs,* transport mecha-
nisms, ™™ *? morphology,w modeling,j‘"’2"'F and durabﬂity“’12
trom a PEFC perspective. The ones that contain a critical mass
of information on Nafion and/or PFSA ionomers are
summarized in Table 1. It is interesting to note that the
changing topics and focuses of these reviews reflect the
broadening interest in PFSA ionomer for various applications.
The growing literature also resulted in reviews with very
specific topics that were not of significant interest just a decade
ago (e.g, alternative membranes, stabilizers, and advanced in
situ diagnostics). Hence, while the understanding of PFSAs
have been evolving with an ever-expanding property database,
new demands and applications continuously present new
challenges, resulting in a very dynamic research field.

Since the early 2000s, several new topics have emerged
including the understanding of the quasi-equilibrium states of
PFSA ionomers, importance of thermal and manufacturing
history, and examination of the PFSA as a thin film. The recent
advances include the impact of side-chain and moieties,
characterization of interface and surfaces, more advanced

990

Table 1. Summary of Previous Review Papers and Book
Chapters Containing Information on Nafion and PFSA
Membranes Studied either from Polymers or PEM
Perspective within the Context of Fuel-Cells and Other

Applications”

tapic (or relevance
to PFSA)
structure/property

scattering
techniques
(structure)

electro-osmosis
structure/property
transport modeling

transport in proton
conductors

membrane
properties
proton conduction
and modeling
conductivity
structure/property
durability/
degradation
water uptake and
diffusion
transport: solubility/
diffusivity
durability/
degradation
durability/
degradation
water transport in
ionomers
techniques for water
distribution
hybrid PFSAs with
stabilizers
composite PFSAs
with inorganic
fillers

structure/property

property
characterization

facus (context or
applications)
Nafion

PFSA (PEM)

PFSA (PEM)
ionomers (PEM)
PFSA—PEM (PEEC)
PESA (PEM)

PEM (PEFC)
PFSA (PEM)

ionomer
Nafion

durability, including
PEM (PEFC)

Nafion (ionomer
transport)

Nafion (water
electrolysis)

durability, including
PEM (PEFC)

PFSA degradation
(PEFC%

ionomers (Clean water
applications)

PFSA—PEM (PEFC)

PFSA—PEM (PEEC)

PFSA—PEM (PEFC)

PFSA—PEM with EWs
and side-chain effects

PFSA-PEM (PEFC)

vef

Mauritz and Moore*
Gebel and Diat"™

. 3!
Pivovar
. . 1%
Hickner and Pivovar™
-
Weber and Newman *

Kreuer et al.'™*
Doyle et al.**
Paddison®*

Kim and Pivovar™*
Duncan et al™
Borup et al.***

Kusoglu and Weber"”
Tto et al.*®

Rodgers et al.*%*
Gittleman et al.’}
Hickner'>*

Deabate et al.™®

Subianto et al**

Herrin g:;-:)

Hamrock and Yandrasits®

and )
Hamrock and Herring")

. 31
Kim and Lee”

“Asterisk (*) denotes ones in Chemical Reviews. Reviews focused on
fuel-cell durability and modeling or other ion-conductive polymers
with limited data and discussion on PFSAs are omitted.

understanding of Schrdder’s paradox, impact of casting and
solvent, incorporation of additives and stabilizers to mitigate
degradation, time-dependent transport and mechanical proper-
ties, thin films (<100 nm thick), effect of stretching and
compression, additional diagnostic techniques including QENS,
PALS, neutron and X-ray imaging, BES, and grazing-incidence
SAXS (GISAXS), and more detailed ab initio and molecular-
dynamics simulations. Such studies and techniques are
visualized in Figure 4. It is interesting to note that the studies
and focuses therein have shifted from more traditional
techniques (macroscopic water-uptake and transport, as well
as SAXS, DSC) to more advanced techniques that can probe
the structure-transport correlations of PFSAs at various time
and length scales. Thus, in essence, PFSAs have become widely
used benchmark materials in new investigations and adoption
of advanced characterization techniques for foundational
science. The above-mentioned studies need to be compared
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consistently used

Figure 4. Evolution and expansion of techniques used to study PFSA
membranes, based on our literature survey,* presented in the form of
word cloud showing the periods each technique was adopted (font
color) and to which extent they were used in papers (font size).

critically and collated such that the general trends and insights
can be identified; it is the purpose of this article to accomplish
this objective. Moreover, in this comprehensive review, we will
also provide a new perspective for structure—function relation-
ship of PESA, by correlating various data sets from sorption,
transport, mechanical property measurements, and morpho-
logical features for both Nafion and related PFSAs.

The outline of this review is as follows: First sorption
behavior and related physical properties of PFSA will be
discussed with experimental and modeling studies, followed by
the carrent state of understanding of PESA morphology studied
by various techniques and simulations. Then, an overview of
PESA transport and thermomechanical properties will be
provided based on sorption and morphological properties. It
will then be discussed how these properties change when PFSA
ionomers are confined to thin films. Lastly, factors influencing
the correlations among morphology, stability, and transport will
be discussed, including degradation, aging, contamination
effects, as well as mitigation strategies used to develop
composite and hybrid PFSA membranes. It should be noted
that many of the sections and properties are highly interrelated
and thus cross-referenced. Before proceeding, it is worthwhile
to explore some underlying principles.

1.1, PFSA Siate

It is increasingly becoming recognized how EW, formation, and
processing influence PESA properties. These effects are being
recognized in terms of contributing to various literature
observations, or the inconsistencies among them, and are at
the foundation for the rest of the review.

1.1.1. Impact of EW and Side-Chain Chemistry. As
noted above, EW, along with side-chain chemistry, is a critical
parameter influencing ionomer behavior and its transport-
stability relationship, yet the question remains how they affect
an ionomer’s other transport properties, dynamic behavior,
mechanical properties, and its surface and structure in confined
geometries, such as a thin film. EW is an average measurement
of distribution in m (see Figare 2) and is measured by acid—
base titration, elemental analysis (of S), or infrared (IR)
spectroscopy. A large variation (~10%) in measured EW has
been observed, which could be attributed to variation among
batches and to morphological complexities arising from the
dispersion nature.” EW of PESA ionomers studied in the
literature are in the range of 600 to 1500 g/mol, with 1100 g/

991

mol being the most common for Nafion. EW plays a critical
role in balancing transport and stability. For example, 3M
ionomers begin to lose significant stiffness in water and act
more like a gel as the EW decreases below 800 g/mol,” 568
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Figure 5. Conductivity-stability correlation as a function of EW for 3M
PFSA ionomers, where the stability was quantified by the membrane’s
ability to withstand water-boiling process and conductivity was
measured in liquid water.”” (Data courtesy of Steve Hamrock of 3M).
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Figure 6. Variation in IEC of PFSA ionomers with respect to their
nominal value reported by the manufacturer determined from various
techniques (data are from Moukheiber et al.”).

shown in Figure 5. Even though the most commonly studied
PFSA is 1100 EW Nafion, which dominates the published
property data sets, the impact of EW on membrane properties
and structure have always been of an interest, yet overlooked, in
part due to the lack of a wide range of EWs among
commercially available PFSAs. Earlier studies by researchers
at DuPont reported properties of Nafion of various EWs,
including, nanostructule, crystallinity, water uptake, and
conductivity.>* ™ These were followed by similar studies on
the effect of EW on PFSA’s swelling and structure—property
relationship,”™* including those of shorter side-chain (SSC
Dow) PFSAs. """ Relatively more recent investigations on EW
and side-chain effects include investigation of water up-
take, "'~ morphology,™® 454 conductivity, diffusion
and other transport propertles AL thermal and
mechanical properties,” and molecular modeling
and simulations.”™ " More recent studies have moved toward
exploring alternative PFSA chemistries, such as multiacid
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ionomers containing multiple acid groups per side-chain (e.g.,
based on aromatic sulfonic acids (ortho bis acid) or
perfluorinated side-chains (perfluoro imide acids, or
PFIAs).">""*"* and additives and reinforcement strategies
(see section 1.1.5). Regardless of its EW and side-chain
chemistry, a PFSA’s chemical and mechanical properties are
interrelated through their phase-separated morphology, where
the transport properties could be due to the hydrophilic water
domains, while the hydrophobic backbone controls the
thermal/mechanical properties, although it must be noted
that all these properties are dependent on each other.

Improvements in membrane chemistry and additives and
reinforcements have paved the way for thinner membranes that
are chemically and mechanically stable. This can be seen in the
continuous reduction in thicknesses of commercial PFSA
membranes (Figure 4); unlike the 175 pm (pm)-thick N117
that was commonly studied in 90s and early 2000s, and
therefore extensively discussed in the 2004 M&M review,
many recent studies investigated thinner PFSA ionomers, and
the field is moving toward membranes that are 25 pm or
thinner (N211, 3M ionomers, Aquivion etc.) and/or reinforced
(Nafion XL and Gore-Select) with the newer reinforced
membranes approaching 5 pim.”

1.1.2. Thermal Treatment and Processing Effects. It
has been well documented that the morphology and properties
of PFSA membranes (whether extruded or cast) are strongly
influenced by their thermal history, which can be altered
through heat-treatment processes such as pretreating (PT) or
preboiling (PB), ak.a. expanded form, in liquid water or heating
at higher temperatures to induce annealing (i.e., higher
crystallinity).”””*~"* PFSA membranes stored and used as-
received (AsR, from the manufacturer) are prone to containing
contaminates and may exhibit continuous changes in structure
and properties over time (ie., physical aging phenomenon).
Thus, it has been a common practice to pretreat the membrane
to set a baseline by erasing its thermal history via boiling in
peroxide agents (cleaning), sulfaric acid (reprotonating), and
water (boiling-induced rehydration), with the exact duration
and concentrations changing from one study to another,
although with similar end states. Such heat-treatment processes
have been shown to alter the water uptake,®*' ~*#7%7*="% 4nq
transport coefficients (e.g., diffusivity),””*>”” density,” perme-
ability, %1% jonic conductivity, 3985909554, 86=5% 1o0- 105
selectivity,’”> %% mechanical properties,”’
thermal stability,""” phase-separated nanostructure and/or
crystallinity, >3 "8 —SLIIBIBET-1 gupyce topology and
energy.”*~*"""? Such changes make it hard to compare
literature studies if the pretreatment conditions have not
been noted. For example, surface ionic activity of extruded
Nafion membranes is lower in AsR or annealed form, however,
it increases upon treatment in acid solutions.”*”® In addition, in
situ SAXS experiments showed that preboiling a PFSA
membrane increases and (pre)sets its water-domain spacing
at a maximum value compared to an AsR membrane, consistent
with its water uptake behavior."”**”**** QOverall, there is a
consensus that the appropriate pretreatment process establishes
a quasi-equilibrium state and sets a standard baseline. However,
with new dispersion-cast and/or stabilized membranes as well
as lower EW ones, the nature of the solvent, casting, additives,
and postannealing processes still need to be studied and
optimized as they strongly affect the membrane properties
controlled by the physicochemical interactions and morphol-

ogy.

— 53,58 —00,58,10%

992

1.1.3. Definition of Quasi-Equilibrium and Long-Term
Effects. When an ionomer is in equilibrium, a balance exists
between the chemical and mechanical energies, which,
continuously change with time as a result of the complex
nanophase separation of semicrystalline backbone and ion-rich
water domains. Overall, relaxation or equilibriom time
measured for many PFSA properties are much larger than the
typical experimental observation times; changes in water uptake
and morphology have been after equilibrating for weeks,
months, or even years,“z's”w"w; and mechanical relaxation was
shown to exhibit time-, temperature-, and humidity-dependent
response over the course of days.’*” Thus, even after a PFSA
membrane reaches steady state, it is not in a true
thermodynamic equilibrium in typical experiments and could
be at best in quasi-equilibrium, depending on the pretreatment
and measurement conditions. A slow, continuous change in
properties has been observed at longer time scales (up to days
and years), which are accompanied by changes in morphology.
This long-term relaxation of the polymer matrix leads to
additional water uptake and associated reorganization possibly
affecting the structure and connectivity of the hydrophilic
network. Time-dependent relaxation processes in PFSAs have
been reported to occur for conductivity,’'"~'** stress and
elastic _n_mdulus,jw’u‘z_127 and polymer backbone stretch-
ing.'*"*” Relaxation phenomena have also been discussed
within the context of morphological changes even over weeks
based on SAXS studies,”"'STH I dielectric measure-
ments,”"*'** 7" and  dynamical mechanical analysis (see
section 5.4). When the polymer backbone relaxes, it also
relaxes the constraints it enforces onto the water domains it
surrounds by means of reduced swelling pressure, and therefore
changes the chemical-mechanical balance in favor of swelling
(see section 2.6). As a result, additional increases in water
uptake have been observed even after the membrane seemingly
reached quasi-equilibrium,’*?*"*#**%13% 4ccompanied by con-
tinues changes in nanostructure, albeit at a very slow rate, even
for weeks."” "7

Relaxation phenomena, similar to electrostatic interactions,
reflect and bridge the unique properties of PFSA ionomers:
transport <—— morphology «+—— thermo-mechanical response.
For example, conductivity was shown to change with
time,"" 7" which was influenced by applied pressure
during the measurements."™ As such, interpretation of the
measured time-dependent response is rather intriguing as it is
likely to be governed by a combination of chemical, mechanical
and structural factors. To account for relaxation, one can define
a time-dependent change in a property, ¥(t), as

j/

pt) =w, + ), aexp -% o
- . 1

where 7, is the final, quasi-equilibrium value, a, and f, are the
fitting parameters, and 7, is the time-constant for the relaxation
process, 7. When f, = 1, the usual exponential decay function is
recovered, whereas values of B, < 1 indicates a stretched
exponential function. One must note that, when multiple
mechanisms are involved in relaxation process (r > 1), a single
characteristic time constant for PFSA phenomenon cannot be
identified, especially when these processes and time constants
also change with temperature and humidity.

The real challenge associated with determining 7, is that the
actual relaxation time is most times longer than the

experimental observation for a property, 7., The ratio of the
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time constant is defined as Deborah number; De = 7,/7,.
Interestingly, De for PFSA has not been studied in detail,
although it has been mentioned.”**""" If the process of interest
is diffusion (see section 4.1), then the Deborah number can be

written as

Trt‘laxatio n

1*/D

Trelaxation —

De= - =
Texp Tiffusion

)

If De <« 1, then the relaxation process is not dominant,
whereas high De indicates processes for which relaxation
becomes relevant and important. Based on long-term experi-
ments in the literature, the estimated time constants for
relaxation processes in vapor phase are on the order of 10° to
10* s for conductivity,"'” 10* to 10° s for water-uptake,"** 10° to
10¢ s for water domain sgacing,“s_“’w and 10° to 107 s for
mechanical relaxation.''™*”*** Clearly, there is a huge gap
among the measured 7, mainly driven from the limited time
scale of observations. A noteworthy exception is in mechanical
relaxation studies, which invokes the time—temperature—
superposition (TTS), which, by its virtue, could overcome
this limitation of time of observation by shifting time scales
using temperature (see section $.4). Hence, low De could be
associated with more viscous (mechanical) response and
transient (diffusion) behavior, whereas a high De is more
relevant to elastic (mechanical) response and steady-state and
mutual diffusion.

1.1.4. Casting Effects. Most ionomers are now cast from
dispersion due to the possibility of going to smaller thicknesses
and easy incorporation of additives and/or reinforcements.
Casting PFSA ionomers from dispersions and the resultant
impact on membrane properties is a long-standing challenge,
especially for thin films in complex electrode structures.”'***"
As will be discussed in the morphology section, PFSAs do not
form a true solution but rather exhibit dispersion-like behavior
with rod-like cylindrical aggregates, the nature of which affects
the properties of the as-cast membranes."**' """ Since Moore
and Martin demonstrated that casting PFSAs from a high-
boiling point (BP) fluid resulted in improved properties, ie.,
closer to that of extrusion-cast AsR membrane,™*" the role of
dispersion fluids and thermal treatments in ionomer structure/
property relationship has been of great interest. Casting with
different solvents changes conductivity,""”**" and casting at
higher temperatures usually results in a more entangled
network of chains and higher crystallinity and better solvent
resistance and overall mechanical properties.”*”*'** Recently,
Kim et al."* demonstrated using over 25 dispersion fluids that
mechanical toughness (inversely proportional to brittleness) of
the dispersion-cast PFSA membrane is governed by the
dispersion fluid’s critical gelation concentration through chain
entanglements induced during evaporation rather than the
crystallinity, with additional effects that can be imposed by the
high fluid’s BP thermal treatment. It is clear that casting
conditions and solvents can impact overall properties
significantly, as well as membrane’s performance, and this is
an active area of investigation currently.i‘:ig’p“"‘}’j5’}_}53

1.1.5. Durability issues and New Developments. The
past decade has witnessed significant efforts on mitigation
strategies targeted at improving an ionomer’s ability to
withstand these chemical-mechanical stressors (Figure 1),
resulting in hybrid composite membranes with chemical and
mechanical stabilizers. The latter was achieved by the
researchers at W. L. Gore & Associates by incorporating a
strong hydrophobic reinforcement layer into a PFSA ionomer
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to improve its dimensional stability in response to hydration
(i.e., GORE-SELECT membranes). Such reinforcements could
also be used to compensate for the deterioration of mechanical
stability in PFSA ionomers of lower EW. Over the decades,
many other strategies have been adopted to mitigate
degradation problems, whether they are mechanical and/or
chemical, and to develop more durable PFSA membranes. Such
strategies include, but are not limited to, impregnating the
ionomer with (i) radical scavengers such as cerium/cerium
oxide to prevent radical formation, (i) inorganic fillers to
improve water-retention capacity especially at higher temper-
ature and lower humidities, and (iii) chemically inert
hydrophobic mechanical support layers, such as PTFE mesh,
to improve the mechanical properties and dimensional stability
in response to humidity changes. Thus, an ionomer filled
intentionally with secondary particles can be considered and
treated as a composite membrane. However, given that PFSA
ionomers exhibit a phase-separated morphology, inclusion of
additional particles or support layers creates an even more
complex multiphase material where the interactions of these
newly added particles and the ijonomer’s hydrophilic and
hydrophobic phases become critical in controlling not only the
efficacy of the hybrid structure but also the overall functionality
of the membrane.

1.2, Applications

Finally, we should note many of the applications that contain
ionomers as critical components (Table 2). PFSA ionomers
and their analogues exhibit good performance and durability,
and have become the industry standard for automotive fuel-cell
applications.””****** However, continuously improving cost
and durability targets for commercial applications drives the
interest in improving PFSAs functionalities further and/or
developing alternative membranes. Since 2004, Nafion and
related PFSA ionomers, thanks to their attractive electro-
chemical and thermal properties, have gained increasing interest
for devices that require rapid ion- and water-transport rates and
robust mechanical and chemical properties. Despite gaps in the
current state of understanding and modeling of structure-
transport relationships, PFSA ionomers continue to find
themselves as the benchmark and baseline materials.
Moreover, their success in PEFCs as the electrolyte/
separator”'****7 has made them of interest for other solid-
state energy-conversion and -storage devices, such as flow
batteries' ™™ and solar-fuel generators and electrolyz-
ers,jf'o_m1 for which the ionomer behavior and functionalities
are expected to differ (Table 2). In addition, they have been
employed in other applications, as microfluidic devices and soft
actuators, ™™ **” humidifiers'”" or dryer membranes to remove
moisture in many applications,’”"*”* chlorine-tolerant gas-
separation membrane,' ~ and considered for electrodialysis and
water-purification systems.””*”* These applications take
advantage of various properties of the membrane, most usually
conductivity, water transport and chemical stability, albeit
sometimes at the expense of other properties (e.g,, improved
transport properties vs lower mechanical stability), therefore
demonstrating the importance of the controlling and
optimizing the complex structure—function relationship for a
given application. For example, while actuators exploit the
swelling-induced deformation of the membrane under applied
voltage,""” shape-memory applications focus on the thermo-
mechanical properties that could be controlled with deforma-

tion and thermal treatments.'”” All of these studies have
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provided new data sets as well as widened the window for
understanding and tuning the stracture—property relationship
of PFSA membranes, the discussion of which were mainly
o absent in previous review(s) since the properties of interest in
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2. SORPTION AND SOLVENT UPTAKE

discussion on other solvents. The amount of water in the
hydrated membrane can be quantified in a number of ways,
which are all interrelated, even though the most commonly
used quantity is the water content, 2 (= mol H,O/mol SO;7),
defined as the number of water molecules per mole of sulfonic-
acid groups, introduced first in a paper by Springer et al,'*!
although the concept of quantifying water locally in sites or
clusters predate this paper.”#*** The water content, /1 (the
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Figure 7. Representative sorption isotherm for a PESA ionomer
illustrating the distinct regimes governed by the electrostatic
interactions as well as chemical/mechanical energy balance in the
phase-separated nanostructure.

effects of pretreatment and thermal history (as mentioned
earlier). It should be noted that there is a significant difference
depending on whether it is the vapor or liquid phase,
something that will be addressed in detail below.

The water uptake of a PFSA membrane decreases with
increasing EW, > bia0ae—s 82,50, 186,18 (see Figure 9),
decreasing solvent polarity™® » (eg, alcohols™™), increasing
heat-treatment temperature,” ~***"***! a0ing and contami-
nation™ 795 (410 see section 7.1), and mechanical
compression.”** Although seemingly 1rrelevant all of these
factors, at a fundamental level, are a result of changes in the
chemical-mechanical energy balance of the ionomer’s phase-
separated nanostructure. In this sense, all of the above effects
can be considered to either increase the backbone’s resistance
to deformation (e.g., crystallinity, compression, etc.) or the
propensity for dissolution (e.g., lowering EW). This chemical-
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Figure 8. (a) Membrane water content, 4, as a function of water
activity measured at 25 or 30 °C from various experimental data [see
refs 6, 23, 82, &3, 95, 191, 199, 206, 207, 217, 221, 241, and 244—248]
and models 2020 and (b) as a function of ternperature in vapor-
and liquid-equilibrium [refs 33, 59, 32, 92, 94, 95, 121, 238, 249,
and 250]. The curves in (a) are polynomial expressuon from Springer
the lower and upper boundaries of models by Kusoglu et

** and Weber and Newman.”" (See Table 3 and seciion 2.5
for details.) The solid lines are generated from the best fit polynomial
to all the data points in the plot. The lines are model prediction from
refs &2 and 194: g, liquid water; b and ¢, saturated water vapor for the
case of increasing and decreasing uptake with temperature, respectively
(see section 2.4 for model details).

2,

mechanical balance has long been a key aspect of equilibrium-
swelling modeling of ionomers, albeit with many different
approaches and formulations, starting with early studies by
Eisenberg,”™ Mauritz et al,’™ Dreyfus et al,”” and Hsu et
al,’”™ and more recently revisited by Choi et al,’”***”
Wi ebel,“o Freger, 208,203 Kusoglu et al, ¥5294205 and Kreuer,™”
and associated with PFSAs’ strudﬁurt,—tranlsportU DI (e
section 4) and swelling-mechanical response’ " 26,205,208
(section 5) correlations. In addition, although explored more
qualitatively, such a balance also changes with the cations,”*%*"*
due to changing electrostatic interactions altering not only the
chemical properties but also the mechanical response (see
section 7).

The swelling or sorption process of PFSA ionomer
membranes is a multistep, multiscale phenomenon governed
by complex interactions between the water, hydrophilic ionic
moieties, and hydrophobic polymer matrix, resulting in a highly
nonlinear water-uptake profile as demonstrated in Figure 7.
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Table 3. Selected Studies on the Sorption Behavior of PFSA Ionomers, Including the Modeling Studies”

ref year investigation studied effects and discussions model/analyeis®
Yeo'™” 1977 A (solvent) solubility and interaction FH and y fitted
Gierke et al™” 1981 Aiq (RH, EW, cluster coalescence and A-domain spacing correlation
cation)
Roche et al.**" 1981 Asg (PT), H, Na counterion and pretreatment
Starkweather and Chang™ 1982 Ayq (EW) bound/free water
Escoubes and co-workers®**** 1984,1985 4 (RH,cation) counterion effect and freeze thermodynamics*
Mauritz and Rogersw‘/’ 1985 A (RH), Na*, H' swelling equilibrium and pressure thermodynamics
Springer and co-workers™™*>*** 19911993 4 (RH), Ay, (T, swelling regimes polynomial fit
EW)
Hinatsu et al ™ 1994 Ao (T, EW, RH)  ionomer type, pretreatment
Futerko and Hsing—”"w 1999 A (RH,T) analysis using FH model FH and y fitted
Laporta et al.?** 1999 A (RH) solvation and free water
Morris and Sun”* 1993 A (RH,T) Henry’s sorption *
Gates and Newman™” 2000 A (RH, alcohol) swelling equilibrium: methanol, H,0 swelling
James et al*™! 2000 A (RID) cluster coalescence
Thampan et al** 2000 A (RH) swelling equilibrium BET
Reucort et al.™’* 2002 A (RH) enthalpy of sorption *
Legras et al.”" 2002 A (RH) Henry + Langmair modes *
Freger'™* 2002 A (RH) swelling pressure model swelling pressure
Choi and Datta™*%’ 2003 A (RH,T), SP swelling model: solvation + FH FH + BET + P, y fitted
Weber and Newman*®*** 2004 model effect of constraints macrohomogeneous
Bass and Fregerlsﬁ 2006 lig/vap Schroder’s paradox exists for a,, < 1 thermodynamics*
Onishi et al” 2007 A (T), SP pretreatment effect
Takata et al.** 2007 A (RH) comparison of models: FH, Langmuir, Henry’s, clustering BET
Alberti et al **** 2007,2009 Ay, (T, time), equilibrium time, pretreatment, explained using matrix *
E(H,T) elasticity
Kreuer et al.’ 2008 4 (RH), 4y (T) impact of side-chain, EW and temperature
Collette et al.™ 2009 A (RH, aging) impact of anhydrides, Langmuir + Henry contributions
Zhao et al ™" 2008,2011 4 (RH, alcohol) solvation + matrix deformation, relaxation-driven increase in 4 thermodynamics*
Satterfield et al.'*’
Kusoglu et al B4 2009,2012 A (RH,PT) swelling pressure model based on nanodeformation of the FH + BET + P, y is fitted
matrix
Kusoglu et al 2011,2012 Ay (compression)  modified swelling pressure based on d-spacing of compressed FH + BET + P, y is fitted
membrane
Kidena et al,’”* 2010 A (RH) predrying temperatare
Maldonado™® 2012 4 (RHT), 4y (T}  predrying temperature
Wadso and Jannasch™” 2013 A (RH) predrying, enthalpy of mixing
Kreuer™™ 2013 A (RH,T) Langmuir + swelling pressure related to the modulus Langmuir + P
Shi et al™’ 2016 A (RH,cations) impact of cation size and charge dual-mode adsorption
maode]
“iq and A indicates water uptake in liquid and vapor phase, respectively. “4(X)” indicates sorption behavior is studied as a function of “X”, where X

can be RH, T, EW, and PT (pretreatment), alcohol/solvent, cation, compression, and ageing time. SP indicates studies where Schrisder’s Paradox
was discussed. FH, BET, and P, indicated models or analysis based on Flory-Huggins, Brunauer-Emmett-Teller, and swelling pressure formulations,
respectively. Asterisk (*) indicates studies that analyzed data based on swelling equilibrium or other theories rather than proposed predictive

models..

The water-uptake process is governed by the solvation energy
of the ionic groups and chemical potential driving the external
water molecules to attach to the hydrophilic ionic moieties of
the membrane, which are counterbalanced by the deformation
of the ionomer’s hydrophobic matrix (ie, the chemical-
mechanical energy balance). During the hydration process,
the first water molecule (H,O) ionizes and binds to the sulfonic
acid group via hydrogen bonds to form hydronium jons (SO;H
+ H,0 — SO;-(H;0)"). The initial water molecules continue
solvating the ionic moieties by forming a stable hydration shell
and allow the dissociation of the bound counterion; such water
is termed bound water (Figrre 7). This is driven by the fact that
the hydration enthalpy of the proton is much higher than that
of the conjugated base (—SO,;7). Thus, water could form
hydration shells around the cations and not just the tethered
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sulfonic-acid groups, and such cation-dependent hydration can
impact interactions and PFSA properties (see section 7.3).

As the membrane uptakes water, protons (H') disassociate
from the sulfonate sites, —SO,;~, become solvated and
mobilized by the water molecules (forming ions such as
Hy0,") reducing the hydration enthalpy of additional water
sorption. This bound water and its solvation process is
associated with reducing the hydration enthalpy, AH,, due to
the exothermic adsorption process of water.”*"****** The
enthalpy change is the highest within A = 1 to 2, corresponding
to the ionization of SO;H by water, with AH, = =20 to -25
kj/mol.!%’m(”z'l2"114_"’“’6 After this bound-water regime, addi-
tional water molecules enhance the phase separation and form
hydrophilic, ion-rich domains in the backbone matrix (see
Figare 7). With the adsorption of 2 or more water
molecules, an interconnected network of domains are believed
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Figure 9. Sorption isotherms measured by gravimetric water uptake at
25 °C for various PFSA membranes. (Data shown are for
LY Nafion XL,”Y 3M PFESAs,*® and Dow SSC

all pretreated.) Inset shows A values at saturation
(taken from the plot) as a function of membrane EW along with
those reported by Gierke et al.™ for Nafion (open squares) and Moore
and Martin for SSC PFSA (open circles).”® (Lines are guide for-the-

eye.)

to form, which marks the percolation threshold, giving the
membrane its ion- and water-transport functionalities (see
section 4). The adsorption process continues for up to 5 to 6
water molecules that form multiple solvation shells around a
fixed sulfonic acid site (SO;"H"), and after dissociation around
(H;0)". At higher RHs, additional water molecules cause
turther growth and connectivity of the hydrophilic domains as
shown in Figure 7, leading eventually to a more bulk-like water
region where water molecules freely move. In this regime (4 >
6), hydration enthalpy plateaus to —40 to —45 kJ/
mol, 7T ATIE 40 d approaches the heat of condensation
of water (40 kJ/mol), which exhibits liquid-like properties,
although confinement effects within nanodomains are still
present (see section 4). Thus, the total water content in the
ionomer at a given water activity, a,,, and T, can be expressed as

ﬂ(“w) (’10) + )”B(“W) + ’IF(“W)
—— — N’

Residual (primary solvation)

(8)

where the residual water is a strongly bound water molecule
participating in the primary hydration shells that can be
removed only at elevated temperatures, ie., 4y = 1 to 2 at 120
o, PRI Wlth a small trace of water possﬂ)ly surviving up
to 200 °C,”**7** at the onset of SO, decomposition (section
7.1). Existence of a strongly bound water molecule is also
consistent with a single immobile water determined in dynamic
QENS studies.”*** (also see section 4.4).

Figure 8 sammarizes the literature data on water uptake of
Nafion membranes demonstrating the characteristic features of
the sorption isotherms discussed above and illustrated in Figure

. In plotting this data, the residual water is 1gnored for
simplicity (ie, 4 = 0 in eg 5), the nonzero value of which was
discussed only in limited studies, usually in conjunction with
drying effects™ > (see section 7.1.4 on TGA). Although
only the sorption (humidification) data are plotted, PFSA
membranes exhibit comparable sorPtmn and desorption
response, in terms of uptake, 2,7'*****" albeit with quite
different kinetics, as discussed in section 4.1. Even though the
plotted data exhibit some scatter, in part due to various

Bound Free
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experimental apparati and methodologies employed, they
exhibit similar trends. Moreover, a closer examination of the
membranes used in these studies reveal that preboiled
membranes tend to uptake more water than the AsR (or
predried) membranes, especially at greater than 60% RH,
signifying the important role of thermal history and membrane
pretreatment. At higher RHs, N21x membranes uptakes slightly
more water than the older generation N11x membranes, (not
listed in the legends for brevity) which can be associated with
processing effects. It is worth noting that the high-humidity
window, in which the thermal and processing effects manifest
themselves in controlling the membrane’s sorption capacity,
also corresponds to the transition from bound to free water
regime (per eg §). Thus, up to 50 to 60% RH, membranes
water uptake is mainly governed by Langmuir-type absorption
of water molecules creating hydrations shells around the ionic
groups, thereby creating a nanoscale local swelling, which
appears to be less impacted by the side-chain length, EW, and
thermal history of the membrane (Figures 7—%). Only in the
free-water regime do these effects coming come into play. This
increased effect is due to the accommodation of the absorbed
water molecules in the growing hydrophilic domains deform
the phase-separated morphology, resulting in a network
swelling at multiple length scales, where the crystallinity,
thermal history, and processing effects becomes more relevant.
This can be seen better in Figure 9 which shows that increasing
EW lowers the water-uptake capacity and changes the upturn of
the isotherm, especially at high hydration levels (from 75% RH
to liquid water), where uptake of free water molecules is
controlled by the polymer matrix’s resistance, which increases
with EW (for a given side-chain).

In terms of temperature effect, sorption isotherms at elevated
temperatures are relatively scarce in the literature, which could
be attributed more to the difficulty in obtaining and accurately
measuring values under high temperature, high humidity
conditions. For a given membrane, nearly all of the studies
report a similar water-uptake profile up to 70% RH, regardless
of the temperature (25 to 90 °C). 5 #3619 206,238 However,
under vapor conditions, especially close to saturation, the water
content decreases with increasing temperature,88’”"98’239—241
with the notable exception of a study by Kreuer,”" who
reported a trend of decreased A with temperature below 80%
RH, but an increased 4 at higher RH (see Figure 8). In fact,
from purely a mechanics perspective, the reduced modulus of
the backbone at higher temperatures is expected to reduce the
pressure it exerts on growing water domains, thereby allowing
uptake of more water molecules (see section 2.6), and this is
the case in liquid water (Figure 3b). Thus, a lower uptake at
high RH for higher temperature could only be driven by the
chemical interactions that oppose water uptake in the vapor
phase. Although seemingly counterintuitive, this reduced
swelling with temperature has been discussed in many studies
and attrlbuted to the changing hydrophilicity due to the surface
interactions”"*** and the changes in the role of the entropic
term of water and polymer—solvent interac-
tions™ 7 PHH IR (460 see section 2.6.4). An indiscernible
change in A with temperature below 70% RH was associated
with the exothermal nature of hydratmn within this regime,
where chemical interactions persist.”"” While the underlying
phenomenon for reduced water uptake at elevated temper-
atares is still not definitively known or explained for PFSA
membranes, it has been observed in other polymers and
discussed within the context of cross-links or water retention
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Figuare 10. Impact of various factors on Nafion membrane’s water uptake in liquid water, 4, (a) water content of Nafion equilibrated in saturated
liquid and saturated vapor phase for a wide range of activities (from ref 203) (b) effect of (pre)drying temperature on measured water
content,” ™" and (c) effect of equilibrium time and temperature in water (from Alberti et al.' ).

(or release) through condensatmn (or evaporation) controlled
by the nanodomain size."""*"

2.2, Sorption from Vapor versus Liguid

Water content at saturation is of great interest as it provides the
maximum hydration state, although with distinct water-uptake
values depending on whether the water at the membrane
boundary is vapor or liquid; these states are termed vapor- and
liquid-equilibrated, respectively (see Figure 7). However, the
water molecules inside the domains are always in a condensed
"""" ® The existence and cause of the
difference between A measuled in saturated vapor and in liquid
water, i.e, Adjgp = iy = Aups [1as been a long-lasting debate,
as the membrane is in the same thermodynamic equilibrium in
both cases, ie, a, = 1, and therefore a nonzero Ay, implies
an anomaly with the assumption of a single-phase system. This
phenomenon has been termed “Schrder’s paradox”, based on
the work of Schréder,”™” who reported that gelatins swell more
in liquid water than in saturated water vapor. It has been a
subject of great controversy in swelling of gels and other cross-
linked polymer networks™**“~*** and remains an intriguing
problem both from theoretical (phase-equilibrium thermody-
namics) and experimental (achieving a true liquid- and vapor-
equilibrium) studies. Schréder’s paradox for PFSA community
has stimulated a number of systematic investigations that
attemPted to Pr0v1de solutions both fr‘qm model

g! A0S and experimental "t 1255162 per-
spectlves. While the former modeling approaches have
employed various treatments to redefine thermodynamic
equilibrium through interfacial effects and morphological
changes (see saction 2.6), experimental studies have examined
whether the saturated membrane is in true equilibrium (kinetic
effects), and the reversibility of the paradox,™*** %% a5 well
as exploring the membrane’s surface and morphological
changes between vapor and liquid.” !5 @26h00267 (gae
section 34.)

The specific origins of this change due to vapor/liquid
conditions is still not fully understood or satisfactorily
explained, although significant progress has been made leading
to new investigations focusing on the membrane interface. The
underlying origins of the liquid/vapor interactions are thought
to be of either interfacial origin or thermal history, where the
tormer induces a different morphology at the interface and the
latter throughout the bulk. As for the latter, the fact that a
predried membrane absorbs a similar amount of water whether
it is in saturated vapor or liquid water (4,,, & Ay & 14 1), but

Vﬁp
a preboiled membrane does not (1, = 14 £ 1 < Aig =22 %

“vap

998

(2,88, 52,54,55,1 14,255
1), HEOPESLSS LSS o led some research to conclude that the

difference is a matter of equilibrium, or lack thereof. However,
as the paradox is of a thermodynamic origin, the focus should
be on the membrane that is closer to quasi-equilibrium, which
is the preboiled membrane, which does exhibit a vapor/liquid
difference (A;L]iq_vap > 0). For example, it is known that as the
temperature of the liquid water is increased, the water content
increases and approaches the preboiled membrane value for
both Nafion™"720L04 106,115, 114248-250 4 o prea qoo
omers™ I (see Figure 19}). For a membrane that was not
preboiled (eg " AsR), its A in water increases with temper-
ature. "V However, once the membrane is (pre)-
boiled, its liquid-water uptake does not change with temper-
ature,””*** indicating that the membrane is already in quasi-
equilibrium.

Thus, the observed increase in sorption capacity of (AsR or
heat-treated) membranes with temperature is related to their
morphology, which could be in a kinetically trapped state, and
is in agreement with the longer times for stabilization as shown
in Figawe 10c. Alberti et al.*”"'* showed that it took up to 200 h
for predried membranes to reach equilibrium, and the higher
the predrying temperature the longer the equilibrium time
becomes, once again indicating that heat-treatments preset a
restricted morphology even at temperatures below the cluster-
transition temperature (see section 5,4). In fact, it was shown
that as the (pre)drying temperature of the membrane increases,
its subsequent water uptake decreases in both
vapor IR g d Tiquid  water, ™71 which
affect related transport properties as well. (See section 3.)

In an effort to elucidate the origins and nature of Schroder’s
paradox, Bass and Freger™” carried out a systematic study of
Nafion’s water uptake for activities below 4, = 1 using solutions
of a polyelectrolyte (polyvinylsulfonic acid salts) as an osmotic
stressor, which allowed measuring isopiestic sorption isotherms
in vapor- and liquid-equilibration modes for different water
activities (Figure 10a). Their findings demonstrated Schrder’s
paradox is not an anomaly at 100% RH but extends to the water
activities down to 50%, confirming the difference between
vapor and liquid-equilibrium, which is strongly related to the
membrane morphology, especially at the surface. As will be
discussed in section 3.4, the surface of a PFSA membrane
change with hydration, something that was weH acknowledged
through contact anole,“) ML ARM, A Llectrodlemmal
mass- transport o measurements, and X-ray studies.””*" Bass
and Freger™ ™" investigated the morphology of Nafion
membrane and showed that the surface morphology is
hydrophobic in nature in vapor but becomes hydrophilic in
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liquid, an observation in agreement with other observed surface
changes as a functlon of humidity, as discussed in section 4.
Kusoglu et al."** later showed using time-resolved SAXS that a
membrane’s d-spacing reaches steady-state in seconds when in
liquid water, yet in vapor, d-spacing does not reach a steady-
state even after a month and is still lower than that in liquid
water. Gebel et al.''® reported similar morphological differences
and kinetic effects between vapor and liquid using SANS. The
same group also showed that the ionomer peak in vapor-
equilibrium was changing even after a year, with linear
dependence of d-spacing on log(time) suggesting a slow
contlnuous reorganization and relaxation of the water net-
work, ¢ " Hence, accurate characterization of the membrane
water uptake requires an understanding of its surface
morphology thermal history, and long-term sorption behavior
as well as relaxation phenomena, which will be discussed in
section 3. The observed differences in morphology between the
vapor/liquid conditions have not only improved the current
state of PFSA understanding, in a large part due to more
advanced in situ morphological characterization, but also
provided convincing evidence for the changes in the surface
under saturated vapor/liquid conditions and its key role in
delineating the Schroder’s paradox. It must be noted that it is
challenging to achieve a true unit vapor activity (a,, = 1) in the
absence of thermal fluctuations and liquid—water condensation
on the surface, since the latter effect, it occurring, would change
the membrane’s state from vapor to liquid.

Finally, it should be noted that uptake experiments with
different solvent vapors and different solvent solutions show a
strong trend that the more polar the solvent,’”**” the higher
the values and larger the discrepancy between liquid and vapor
values.'™'%"*%* "This suggests that these environmental
interactions have similar impacts on membrane morphology
and hence solvent uptake.

2.3, Dimensional Change and Swelling

A direct consequence of sorption in PFSA membranes is the
change in their dimensions, i.e., swelling, to accommodate the
absorbed water molecules, which, as described in section 2.1,
mainly occurs in the free-water regime of uptake. The volume
change can be defined as the volumetric swelling strain, which
can be decomposed into the swelling strains in three directions
(in-plane, %, and y and through-the-thickness, z):

swo__
14

d — (1 +8\W)(1 +£5V\7)(1 +65‘A’) — 1
v

P (6)
which can be related to the water uptake as follows (assuming

isotropic swelling, the accuracy of which will be discussed
below, and constant molar volumes)

@ A 1/3 = \/3
L VYV V
5 _ 1 + W = 1 + (/1 - /%ref)TW Orgswe
Ly, Viary %
17,
~ _?()b) = lgswc:}b
37, (7)

where Lg and Ly, are the swollen and dry (initial) dimension
length, respectively, and 4. is the reference water content at
which dimensional changes start, usually at 4. > 2. A simplified
expression for the swelling strain, &, can also be written as a
linear function of 4, where the calculated swelling-expansion
coefficient, ff.. = 0.009 % 0.002, is in good agreement with the
experimental data taken from various resources™ ™*** (Figure

999

11). Similarly, a thermal expansion coefficient, &y, can be
defined to relate the thermal strain to temperate change, i.e. g4,
= (XTAT.
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Figure 11. Dimensional change (swelling strain) of PFSA membranes
as a function of relative humidity, shown for the in-plane direction, for
Nafion® > 1% 125 1#0232285 40 for ePTFE-reinforced PFSAY" (See
section 7.2.) The inset on the left shows the swelling strain Vs water
content, from Uchiyama et al,*? Tang et al,™ and Li et al.*® > (The
lines in the inset are the lower and upper bounds for the best-fit to the
data.) The other inset plots dimensional change at 30% RH for Nafion
211 membrane as a function of temperature, i.e., thermal strain (from
ref 127).

The studies on dimensional change of PFSA membranes can
roughly be classified into humidity- dependent swelling strain at
constant temperatures® 70O G0 4 gwelling in Tiquid
water at different temperatures with a focus on swelling
anisotro i.e., thickness vs in-plane swel-
Iing,“’p”h’% Hin2a3, 291293 as highlighted in Figure 11. Even
though PFSAs exhibit discernible anisotropy in terms of
thickness vs in-plane swelling, there is evidence to suggest that
thickness swelling could be higher than the swelhng in one of
the in-plane directions, albeit only slightly. "%+ R
addition, membranes that are reinforced with ePTFE exhibit a
10-fold decrease in in-plane swelling (i.e, lower f.) since
swelling in the plane is hindered in favor of thickness swelling
due to the reinforcement strategyy”lm" 87,294 (Figure 11). As
discussed earlier, the impact of pretreatment can be seen here
as well, in that pretreatment can exhibit a significant impact on
swelling strains measured in liquid water, resulting from not
only the thermal-history effects but also due to changes in
reference length depending on whether the membrane is
predried and later humidified or preboiled with the swelling
calculated after the membrane is dried. Anisotropic swelling is
induced upon (i) extrusion of PFSA membranes, which swell
less in the direction of extrusion (machine direction) resulting
in machine/transverse swelling ratio of elo/eM = 1.1 to

1.4,70H3A2T2R0ZEZR (45 prestretching,” #9525 and (iii) con-
strained-drying, which causes a heat-reversible increase in the
thickness/length swelling ratio from 1.4 to 5.8. 293

Information on swelling of various PFSA chemistries is also
scarce, with notable exceptions of Aquivion”* and 3M,” both of
which exhibited higher swelling (but still directly proportional
with water content) than a Nafion membrane. Lastly, thermal
expansion (coefficient), ar, in PFSA membranes is much less
than the swelling expansion (coefficient) and is not significant
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in typically operating device conditions (ie, < 100 °C).
Existing literature suggestq anywhere from 0.00014 to

0.00046™"#7*7 to 0.0023**" below T, and 0.0030-
0.0085™** above T, which also changes in different cationic
forms.””

2.4, Density and Free Volume

The density of a hydrated PFSA ionomer membrane can be
approximated from its density in the dry state and fraction of
water by using a rule-of-mixture

(¢, EW) = ¢ 0" (BW) + ¢ p,, with ¢, =1~ ¢)

3

(8)
where the dry density p,, ®(EW) is 2.05 & 0.05 g/cm? for most
PFSA membranes but changes with EW as shown in Figure
12,3526 TR figure clearly shows that the density of a
hydrated PFSA membrane decreases with water uptake and
approaches a value of 1.5 for a liquid-equilibrated membrane

(¢, ~ 0.5).

2
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Figure 12. Density of Nafion™** and 3M PFSA™" ionomers of
various EWs plotted as a function of water content at 25 °C. The line
shows the prediction from the rule-of-mixture for Nafion 1100 EW

membrane (eq 8, for a dry density of 2.1 g/cm?).

The density is also related to the free volume in the PFSA
ionomer. This free volume has been investigated via positron
annihilation lifetime spectroscopy (PALS) that relies on the
annihilation of a positron through its interaction with electrons.
By probing the lifetime of positrons (0-Ps) in various states,
one can determine the radius of free volume holes, i.e. shorter
lifetime indicates smaller volumes.** ™" The size of the free
volume in Nafion as a function of temperature and humidity is
summarized in Figure 13 based on PALS data by Mohamed et
al. ™ The increase in free volume with temperature is indicative
of thermal expansion that marks the beta-transition (of the
main-chain) around 20 °C at which a change in slope is
observed (i.e, a thermal expansion coefficient similar to that
from macroscopic expansion). Nevertheless, in K* and Na®
form, PFSA does not exhibit this transition due to a shift in its
beta-temperature as discussed in section 5.°°" Moreover, the
gradual decrease in free volume with increasing humidity,
especially after 60% RH (around the bound-to-free water
transition), was attributed to the more positron anmhﬂatmg in
the aqueous phase due to the large uptake of water.”™ This free
volume is key for transport processes such as gas Eelmeablhty
as it provides pathways for molecular jumps.™’ The free

1000

0.05 ; ‘ ' ”
-50 -40 -20 [y 20
Temperature, T{ °Ci

Figure 13. Change in free volume with temperature and humidity at
25 °C (inset) in terms of hole volume measured by PALS. (Data from
Mohamed et al.**)

volume of dry Nafion 212 detected by PALS at ambient
temperature was reported to be between 0.175 and 0.219
0% which is smaller than that of PTFE (0.297
It is interesting to note that the fraction of total free
volume (all cavities) in the polymer is approximately 0.028 (or
2.8%),"" a rather small value compared membrane’s overall
macroscopic volume change. Hence, despite nonideal mixing
governed by the solvation of ions by bound water in the early
stages of hydration and associated nanoscopic free volume
therein, a PFSA membrane’s hydration behavior and total
volame change for high 4 (or RH) can still be approximated, at
least macroscopically, as additive molar volumes of water and
polymer.

2.5, Nature of Water and Freezs

ELX)

Sorption isotherms measured at subzero temperatures show
similar behavior as those measured at RT, albeit with less
overall water uptake due to less free water (Figure 14)750501
Less free water at subzero temperatures is a result of changing
the energy balance in the membrane via increased backbone
modulus as shown by Kusoglu et al.™"* Nevertheless, adsorption
of bound water in the membrane does not change in the
subzero regime, as these water molecules do not freeze due to
their strong electrostatic interactions with the ionic groups. In
fact, it has been acknowledged that, unlike free water molecules
that have been observed to be freezable, bound water molecules
were shown to be not freezable and, thus, are associated with
nonfreezable water. Thus, subzero temperature behavior of
ionomers is commonly used to identify and investigate bound
vs free water molecules in the system. Using such information
from dynamic scanning calorimetry (DSC), a number of studies
correlated the amount of freezable (free) water, A%, in the
hydrated membrane with the total water content:

= 2"+ AN with AN & 2,

9)

A further relationship can be established from the plot of
total water vs free (freezable) water based on the reported
values (Figure 14), where the intercept gives a rough estimate
of NV o Ay,

2 =175 + 4.75 (10)

It must be noted that, the above expression, while
quantitatively capturing the measured data, simplifies the state
of water into two distinct states. DSC studies on freezable
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Figare 14. (a) Correlation between the freezable water, A, and total
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literature >>*%* 4241 2#529%, 5% ¢l line is a linear fit to the data. Inset
shows the sorption isotherm of Nafion at 25 °C'" and below room
temperature from Pineri et al*****! and Gallagher et al.**’ (b) Phase
diagram for hydrated Nafion at subzero temperatures, modified from
Thompson et al. > with added data from refs 52, 58, 309, and 316,

water, however, indicates a third type of semifree water, which
is bound but still freezable, occupying the outer solvation shells
of the polymer-SO,™-H;0" region (Figure 7).2“*% 7% In fact,
this type of water is sensitive to the nature of cations in the
PESA, which not only impacts the amount of total and
freezable water, but also the
water, ORI (Gaa gortion 7.3.) Nevertheless, the fact
that sorption isotherm at subzero temperatures approaches a
Langmuir-type adsorption curve for the bound water supports
the notion that nonfreezable water can be treated as bound
water (Figure 14a, inset). Finally, while one can distinguish
between freezable and nonfreezable water, the water in a PFSA
ionomer is a continuous condensed phase with varying
properties depending on molecular interactions from the
backbone wall and not a true solid/liquid multiphase system.
Thanks to the nonfreezable, mobile water molecules, species
transport in the membrane is possible even below the freezing
point (and expected due to concentrated ion solution), another
intriguning property of PESA jonomers.”'* Water content,
transport, thermal, and mechanical properties of PFSA
ionomers below 0 °C have been investigated using a vanety
of techniques, including sorption,® " 757

intermediate-states of

1001

, 234,258,307 -309,313 34,214,251

DSC,’ DMA, and
NMR“’L’M B ot only in H" form but also with various
counterions (K, Na*, Lit),/$3#426%356598 1n 1S studies, an
endothermic peak around 0 °C due to the melting of water is
observed for high water content (saturated or liquid), but as the
initial 4 goes down the peak becomes broader shifting to lower
temperatures, indicative of freezing-point depres-
sion.”H I Thye the higher the water content, the closer
to bulk water temperature (0 °C) the phase-transition
occurs.”*%7#? The maximum water a PFSA membrane can
uptake also reduces with decreasing temperature in the freezing
regime, from A =15at0°Ctol=8at—-15°Cand to A =6
below —35 °C, at which a limiting value is reached regardless of
the initial water content (e.g., at ambient temper-
atur ) 204,309,311

Ice formation followed by desorption was conﬁrmed by the
morphological investigations using X-rays.™ Therefore,
decreasing the temperature continuously below 0 °C not only
decreases the total water (desorption) but also reduces the
amount of free water (freezing), thereby restricting transport
functionalities. Despite the existence of nonfrozen water
molecules at as low as —50 °C, significantly slower mobility
is observed via NMR with a 1 order of magnitude decrease in
the water tracer-diffusion coefficient.™****"* Hence, water
molecules demonstrate more coordination with the ionic sites
at these tem?eratures, resulting in restricted but finite
mobility. >SS 1 g ddition, compared to ambient
temperature, PESAs at subzero tem}oeratureq exhibit higher
activation energy for conductivity,””"***" and higher mod-
ulus™7* but not a significant change in electro-osmosis
coefficient.”*" All of these changes are traditionally attributed to
the depression of the freezing point due to conﬁnement of
water interactions with ions in nanodomains.*** Due to its
potential to unveil the nature of water and associated transport
mechanisms, quantifying freezable/nonfreezable water has been
employed to examine various factors, such as mechanical
stretching,w'” degradation,319 nanostructure,” > a5 well as
transport (e.g, refs 58, 184, 250, 164, 311, 313, and 314 also
see section 4).

Recent X-ray’"™*"" and neutron® studies based on
crystallization of water and change in ionomer peak (domain
size) of PESA below 0 °C revealed that water desorbs without
freezing in the membrane and becomes glassy below —53 to
—60 o(, AL Moreover, water remains amorphous even at
A =22, or a domain size of ~3 nm, only crystallizing for A =50
(hyper-swollen state) and/or domain size of 5 nm."*" Thus,
freezing-point depression is attributed to both confined and
acidic nature of the water nanodomains in a hydrated
PFSA. 77331735 Moreover, this effect of confinement could
also be confirmed by the increase in the fraction of
nonfreezable water in PFSA upon stretching which creates
less tortuous and smaller domains.”"” Despite the consensus on
the temperature-A range in which the water molecules are
nonfrozen and mobile, their nature in mixed state, ie,
intermediate A, can be delineated better with the help of
transport studies. Such an effort was undertaken by Thompson
et al,*®” who, through a systematic study on conductivity and
DSC of Nafion at temperatures down to —50 °C during
heating/cooling cycles, constructed a phase diagram for water/
Nafion that exhibits similarities to wmolecular acid/water
mixtures (Figure 14). Overall, the water domains in a “frozen”
PFSA contain an ice core surrounded by concentrated acid/
water solution and bounded by the A-dependent liquidus and
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Table 4. Selected Studies on the Modeling of Sorption-Related Phenomena in PFSA Ionomers, with Brief Summary of the

Methodology Employed and Key Findings®

ref

208,250,351

Eikerling and co-workers’

method and approach

random pore-network with idealized pores having surface and bulk-like water

predicts/analyzes

sorption, conductivity, aging

and poro-electroelasticity with pore size distribution

Gavish et al.™**
Wau and Paddison™""

Hwang et al. w7

201
Weber and Newman macro-homogeneous membrane model

.
82,287

Kusoglu et al.
Li et al.™*

Voth and co-workers

348,355 -357

phase flow model, Cahn-Hiliard functionalization
dissipative particle dynamics, coarse-grained mesoscale model

bimodal porous domains + MD (canonical Monte Carlo}

microhomogenous model based on domain spacing data (SAXS)
free energy perturbation using density functional theory (DFT)

coarse-grained with smoothed particle hydrodynamics to capture the
morphology and transport based on the chemical potential with various

morphologies {cluster, cylindrical, lamellar)

Gostick and Weber' ™~
Daly et a3

resister- and pore-network model, with mesoscale distributions of domains

molecular dynamics with a thermodynamic and transport model

sorption, morphology

morphology and transport

sorption, conductivity

sorption, transport

sorption, compression effects

sorption, diffusion

macroscopic transport and conductivity,

electrostatic interactions and ionic group
distribution impacts transport

effective conductivity and percolation

A(RH, T), role of water-sulfonate interactions

“Additional MD/DPD studies focusing on proton transport mechanisms and morphologies are discussed in sections 3.3 and 4.4, respectively.

solidus phase lines. According to their findings, formation of ice
cores in hydrophilic domains does not strongly affect their
percolation and, thus, conductivity. Rather, they help stabilize
the network (connectivity) where the mobile water molecules
are pushed and connected through the unfrozen walls of the
domains and connection pathways. Due to these morphological
differences and the state of the water, freezing and dehydration
cannot be considered to be governed by the same phenomena,
even at the same A. Based on Poisson—Boltzmann models,
differences between the conductivity and calorimetry are
attributed to gradients in the proton concentration that result
in a proton-depleted core in the hydrated domains, which
freezes first and contributes minimally to conductivity, although
such models do not account rigorously for solvation and other
changes to the water and proton chemical potentials.

+.6. Modeling of Water Uptake

Despite a tremendous amount (~100s) of experimental studies
on PFSA water uptake, the modeling of their sorption behavior
is rather less explored (on average, 1 out of every 10 papers
with water-uptake data attempt to model/explain the data).
Table 4 lists some of the modeling studies along with some
experimental ones, in which a systematic investigation and
analysis were conducted [see refs 47, 85, 88, 92, 94, 95, 114,
121, 184, 191, 196, 199, 210, 211, 214, 221, 226, 239—241,
244—246, 249—151, 253, 254, 258, 304, and 321-323] It
should be noted that the majority of the modeling studies are
not aimed at predicting the uptake by solving physics-based
governing equation(s) and instead are employed in a context to
analyze other properties and phenomena. Despite notable
attempts for a unified model, none thus far has satisfactorily
explained the complete sorption phenomena, including effects
such as thermal history (annealing, predrying), EW, vapor/
liquid transitions, multiscale swelling, morphological changes,
etc.

As the water content is a critical variable for transport and
other properties and describing the membrane state, extensive
efforts have been undertaken to predict A based on measurable
properties and environmental conditions (e.g, RH, T). A
majority of the efforts resort to a thermodynamic, equilibrium-
based energy-balance approach to explain the sorption
phenomena based on the contributions from the elastic forces
and electrostatic interactions, 55194 56 198, 202-204 266,251, 255
These models typically either assume a nanoscale morphology
or calculate one. In addition, sorption isotherms have been

1002

$3,97,154,210

analyzed or modeled using empirical curve-fits,
Henry’'s law,” 1% 235287 4dcorption
therms, *5/199206, 810,211,241 247,252, 253255334  Blore Hugoing
theory, ™% and/or equilibrium between water in the
membrane and vapor.*V**#3 I Dye to the distinct
physiochemical processes each model represents, they typically
only model a specific phase of the PFSA’s water uptake (see
Figure 7), which have led researchers to combine models or
modify them to account for the very complex nature of PESA
water uptake. A commonly used approach is to model bound-
water (Langmuir-type) and free-water (high-RH) regimes
separately and then linearly superimpose the solutions to
predict the total water uptake (Figure 7) or to extend an
adsorption model to account for swelling pressure (matrix
deformation ), 741920065280 o0 discussed below. The
complexity of the multiscale multiphysics phenomena makes it
a challenge to develop a comprehensive, self-consistent model
that accounts for all aspects discussed above. Thus, the early
models based on thermodynamic equilibrium of a hydrated
PFSA have been modified or expanded over the years to
include the ionomer’s electrostatic interactions and bound
water, matrix deformation and swelling pressure, as well as its
phase-separated nanostructure (growth of water nanodomains).
Despite their differences, a general framework can still be
outlined for many of these models.

Before proceeding with the detailed modeling of water
uptake in PFSAs, it should be noted that many device models
utilize a polynomial expression for the sorption isotherm of
Nafion (such as the seminal one by Springer et al.)."™

RH
Ma,) = )»( 100) = bya,’ + bya,” + bja, + b,

iso-

=3

(11)

where b; are the coefficients of the polynomial. While useful due
to its simplicity, such an expression is not predictive for
conditions outside of which it was measured and lacks physical
insight. A more general set of coeflicients can be determined
from a single polynomial fit to all the literature data shown in
Figure Ba. [by = 36.00 + 2.45, b, = —42.8 + —2.4, or b, = 2045
+ 0.65, by = 0.05 & 0.20, where higher and lower values of b,
correspond to the as-received and preboiled membranes,
respectively.]

2.6.1. Governing Equations. The equilibrium swelling of a
membrane in an environment at a given water activity, a4, is
governed by the chemical potentials of the membrane, Apuf,
and the environment exterior to the membrane, e.g,, humid air,
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which is simply, Ag;, = p, — u§ = RTln a,, where pj is the
chemiical potential of the reference state (typically unit activity).
This change in chemical potential of the water in the
membrane, with respect to its reference value, b, is

Apf = pP — pb =RTlna, + VP (12)
where T is the absolute temperature, R is the universal gas
constant, a, is the activity of water in the membrane, and P, is
the sweng pressure {or osmotic stressor, I1) arising in the
polymer matrix as it deforms with the swelling of domains.
Thermodynamics dictates that the chemical potential of water
internal and external to the ionomer must be the same at
equilibrium, i.e.

Ay, = RTIna,
_ —lna, - .
ApP =RTha, + V,P, (13)
This expression has been commonly used as the starting
point of swelling equilibrium of PFSA ionomers. Alternatively,
the equilibrium can be stated in terms of total change in the
free energy with respect to a reference state

+  AG
e

elasticity / deformation

andAy (a,)
swelling/ osmotic

LAG)

&

w

where the first two terms represent the swelling (osmotic) and
elastic energy associated with the elastic deformation of the
matrix opposing swelling. One point at which the models begin
to deviate is the description of a,. The simplest form for g, is
the mole fraction of water in the hydrophilic domains, a, = 2/
(1 + 4), which however neglects molecular interactions. Specific
expressions can be adopted to describe a,, or 4%, depending on
the physiochemistry of the sorption phenomenon. As discussed
in section 2.4, due to the distinct nature of free and bound
water molecules in the ionomer, it is appropriate to treat and
model these regimes separately. Thus, it has been customary to
model water content as A(a,) = 4%(a,,) + 4" (a,,). Note that this
approach does not consider the water to be in separate
thermodynamic phases, but it acknowledges that the water
continuum exhibits different properties due to its local
conditions of ion concentration, dielectric constant, etc. The
bound- and free-water regions of an isotherm can be predicted
using the following modeling approaches (Figure 7).

For the bound water, a Langmuir isotherm is commonly
employed.'”***"**

(14)

p»T

“** Langmuir adsorption of the first water
molecule at a given partial pressure, p,, is expressed in terms of
fraction of surface (monolayer) coverage,

w

K. a1P,

1+ ch’lp

wo_
1

(1)

where K, is the equilibrium constant for the adsorption
reaction of the first water molecule forming the solvation shell.
‘When applied to adsorption of bound water molecules to the
ionic groups in a PFSA, a multistep expressmn is adopted for

bound water, A%, as follows (n(H,Q) « A (H,0),)

1003

K ap
1+K a,

A%(a,,)

Zﬂ(a Y= Z (H 6") and 0" =

Aq]
RT (16)

where AG; is the hydration (solvation) energy of reaction step j
and v is the total number of equilibrium steps or the number of
bound water molecules (v = 4 to 5). The above equation
represents the multilayer adsorption of water molecules by
clusterlng on the primary monolayer, based on the BET
theory,™ which yields the following general form in terms of
water concentration:

, K" exp(

Agd,

‘“(1 - a,)(1 - (Cy — a,)

, (a, = RH/100)

(17)
where C,, is the sorption capacity of the monolayer and A is
related to the difference in heats of sorption between the first
monolayer (j = 1) and all other (]th) layers, which are assumed
to be the same as that of a pure liquid (H,), ie., A, o« exp({H,
— H,)/RT).* Assuming that the energy of interaction is
higher for the first step (ie, K;) and decreases thereafter, a
modified form for PFSA was proposed by Choi and

Dattaws},zoo,;zs:%
[ 1 - (v+ Da, + @)a, " ]
1 b

1 - (K - Da, — K{@)a,"™"
(a,, = RH/100)

w =

Ka,,

1 —-a,

2(a,) =

(18)

Thus, the sorption (or solubility) of a water molecule (or any
specie) can also be related to its enthalpy of hydration, AH,
through S « §, exp(AHs/ RT), whlch has been investigated in a
number of studies.” "' **1 %58 Enthalpy of sorption, AH,
during vapor-uptake reduces at lower humidities, for 0 <4 < 7,
indicating exothermic reaction with the strongest enthalpy
change occurring for the first 1 to 2 water molecules, reflecting
the highly hydrophilic nature of PFESAs. ' 75 Thyg
hydration enthalpy is also dependent on the cation, which is
the most negative for H' and Li" form PFSAs, and increases for
larger cations, resulting in lower swelling (see secting

7.3)7759 These models have been shown to be applicable
for analyzing the water-uptake of PFSAs exchanged with other
cations, the interaction (energy) of which could be related to
the change in swelling.”*****

For the free-water part of the uptake isotherm (4 > 6), a
commonly used approach is based on Flory—Huggins theory,
which is traditionally used to study the thermodynamics of
mixing and swelling of gels™’

\%
In(1—¢) +|1 - =\|p + y¢*
P Vp P P (19)

In a, =

where the entropy of mixing is combined with the enthalpy
interactions through the Flory—Huggins interaction parameter,
X which is related to the solubility of the polymer, &,, and the
water, §,, as

v
w 52_51‘
6, - 4

Thus, as the solubility of the water approaches that of the
polymer, y decreases, meaning that enthalpic interactions

r= (20)
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opposing mixing become weaker and swelling is more favorable
(see section 2.6.4). Equation 12 can be rearranged in terms of
driving or opposing mixing

1
RH/ 100 L

h'g
drives mixing

2 V;v
= X(gﬁpr T)Q% + (E)PS(qbp’ T)

A

g
opposes mixing

(29)

Here the assumption is also made that both the interaction
parameter and swelling pressure change with temperature and
swelling (¢,). Hence, the tendency of water nanodomains to
swell due to favorable water/ionic-group interactions, repre-
sented by the chemical energy of solvation and hydration (left-
side of eq 21), is opposed by the deformed hydrophobic
backbone that acts against swelling (i.e, mechanical energy,
right-side of eg 21). Thus, it is a common practice to interpret
swelling equilibrium as a balance between the entropic forces
driving the swelling and the exergonic effects including the
mechanical deformation of the matrix, which acts as a resistance
by generating a swelling pressure (see Table 3, Figure 7).

FH models can successfully predict the swelling of cross-
linked gels in the absence of electrostatic interactions that are
amply present in PFSA ionomers. Thus, FH theory could be
applicable, at best, to the swelling of membrane with free water,
and a complete model must account for the nature of water, i.e.,
whether it is free or bound, as they are governed by different
physicochemical process. For this reason, the volume fraction
of polymer for FH expression is usually modified to include the
bound water that are strongly attached to the polymer’s ionic
moietieg 1253332

— Bes \ e —

pr = (Vp +4 Vw)/(V; + /IVW) (22)

Unequivocally, as the water activity increases, the contribu-
tion from Langmuir adsorption to the sorption isotherm
decreases in favor of the clustering of free water (Figwre
7)S5R5 T In g similar fashion, one can calculate the
fraction of hydrophilic ionic water domains as ¢ = @0, + @,
= (ﬁp(]ﬁg& + ¢, where the volume fraction of SO;” groups in
the dry polymer is roughly equal to ¢§g‘3 = VSO3/Vp and ‘7503
can be taken to be 40.94 cm®/mol*

2.6.2. Swelling Pressure. The swelling pressure in eqs 12
and 13 is directly related to the elastic modulas of the polymer
matrix acting against the swelling (Figure 7). The concept of
deforming the polymer backbone with the swelling of water
nanodomains has been discussed both from modeling and
structural characterization perspectives. FHE A, 200,202 506,33
Thus, it is unequivocal that swelling-pressure formulations
involve the modulus of the polymer, but the deformation of the
matrix is rather difficult to calculate. The simplest approach has
been correlating deformation to macroscopic volume change
(fraction), even though it is questionable if matrix deformation
at the nanoscale can be represented by a macroscopic
term, """ given that the nanoscopic swelling of water
domains is different than the membrane’s macroscopic swelling,
i.e., nonaffine swelling, as discussed in section 3.2. Inspired by
this difference, swelling pressure formulations based on

1004

202,204 2,204

microscopic and nanoscopic™ swelling have been
proposed. In both models, the swelling pressure calculated for
the nonaffine swelling case was higher than that for the affine
swelling one. Even though swelling pressure formulations exist
in classical theories, they yield a finite pressure at zero swelling,
as discussed by Freger,” who developed an alternative
expression based on the nonaffine swelling of phase-separated
PFSA network, which relates the swelling pressure to shear
modulus, G, of dry polymer network

R(‘lz)) — %G(%l/s _ ¢P7/3) (23)

Kusoglu et al.™*™" proposed a different swelling-pressure

expression based on the deformation of the hydrophobic
backbone (of modulus E,) being compressed between growing
water domains (of diameter, d, and spacing, d,,) with hydration,
ie, P, x E, x (d, — d) (Fignuwe 7):

B(T, ¢,) = B,(T) X bi —1|and b(4,)

dry

dry

A =2 _ (1=
@y = 272 =g

ddry
24

where b and by, are the swollen and dry thickness of the
backbone (“wall”) between the water domains, respectively,
which can be related to the spacing, d,, and radius, r,, of the
hydrophilic domain, both of which increase with hydration
(¢,). This concept is in agreement with the backbone wall
thickness inferred from the morphological studies.™>** The
advantage of this approach is it incorporates the domain
spacing as the deformation parameter, which can be measured
from SAXS, and therefore provides a flexible model that
predicts the decrease in water uptake due to annealing,
compression, and higher EW, all of which increase the swelling
pressure either by inducing higher matrix modulus (EW and
annealing), and/or additional deformation in the matrix
(compression), as confirmed by SAXS studies.””*“*"***” we
note that both expressions above yield comparable trends,
although derived through different approaches. Hence, despite
idealizations of the disordered morphology of the PFSA and
simplification of its complex multiscale swelling process,
structure-based models for thermodynamic equilibriom can
help analyze and elucidate the measured uptake data. However,
the true nature of water inside the ionomer is still not
understood completely due to complex interactions with the
spatially distributed ions, confinement effects and the role of
the penetrant pendant side-chains.

2.6.3. Effect of Constraints and Compression. Ionomer
membranes in most applications are constrained and/or under
compression due to the natare of the multicomponent system
design and geometry (e.g.,, clamping of the membrane electrode
assembly for gasketing purposes and to ensure minimal contact
resistance). In addition, there could be other internal
constraints developed in the membrane during the manufactur-
ing process (e.g, extruded or stretched membranes exhibit
structural anisotropy due to the preferential orientation during
processing).l"'"‘"z'"/*"”b Moreover, membranes that are macro-
scopically reinforced with ePTFE have almost negligible
swelling in the plane (reinforcement) direction and much
higher mechanical properties.”*”**” These internal constraints
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result in effects that are inherent properties of the membrane.
For example, reinforcing the membrane with a stiffer material
would generate additional internal resistance to the swelling in
the direction of the reinforcement. This effect is similar to, at
least theoretically, externally constraining an unreinforced
membrane in one direction and letting it hydrate; it will swell
less in the constrained direction compared to the unconstrained
direction.

The change in water content of Nafion with compression has
been observed using in situ neutron imaging of an operating
PEFC***" and ex situ compression tests."”"****** These tests
showed that the change in water content was negligible upon
compression unless the membrane was in liquid water and
compressed by more than 4 MPa, at which point more than
10% reduction in A was reported.””***** Also, the internal
pressure in the hydrated ionomer membrane measured using
compression fixtures is 30 to 100 MPa.'***'**** Such high
values have been attributed to the swelling pressure within the
swollen domains of the membrane at the nanometer length
scale.”””***** Unlike hydrogels, ionomer membranes require
high pressures to lose their (free) water (25 MPa required for
50% reduction in A) due to their intrinsic semicrystalline
morphology, highly concentrated ionic domains and strong
electrostatic interactions. The effect of compression has been
studied using macrohomogeneous models. VP The
model by Kusoglu et al."™* accounted for the nanodomian
deformation under compression from SAXS, and used it to
determine the change in swelling pressure, chemical-potential
equilibrium, and water content."”" Conceptually, the compres-
sion effect can be imflemented into the swelling equilibrium by

. 199,25
extending &g 57

Ayl = Ap? = ApP® = RTAIna, = RTAln a, + VAR

= RTAlna, + V, AP’ (25)
where Apl® and P{ are the chemical potential and swelling
pressure of the compressed/constrained membrane, respec-
tively. It is of note that if a hydrated membrane is subjected to
hydrostatic pressure, p, its volume also decreases by dV = p/
K,(2), affecting the molar volume of the membrane (K, is the
J-dependent bulk modulus).

2.6.4. Interaction Parameter and Solubility. A key
parameter characterizing the interactions in FH model (see 24
26) is x, which has significance beyond being a model
parameter due its relation with solubility. As the interaction
parameter of a solvent/polymer network decreases, solvent
uptake becomes more favorable. y can be determined either
from measured solubility,"***”** or by fitting a sorption
isotherm using an FH expression,””' " "% 30 op bredicted
from ab initio computations.”***” Interaction parameter, y,
computed from MD simulations, and determined from uptake
data are summarized in Table 5 and Figure 15, respectively.
Most of these studies agree on a hydration-dependent
interaction parameter (which is composed of the various
independent individual interactions) as plotted in giving a range
from 0.9 and 2.5."*7*%** The interaction parameter has been
shown to decrease (favor swelling) with hydration, with
expressions y = q)pl‘s or (pp,s"'?"z/EO and exp(—p,,)."”" The data
collected from the literature, when plotted as a function of
solvent (and water) fraction, fall between two trends with (,opl‘5
and (,op2 dependence, although the exponential form could
capture the swelling in water-vapor regime fairly well, as
discussed in Kusoglu et al.**'**
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Table 5. Computed Interaction Parameters for Nafion, 3M,
and $SC PFSA Ionomers from DPD®

interaction parameter, 7

pair M ssc Nafion”
backbone—side-chain —-0.03 0.15 123
backbone—CF,SO,H-3H,0 7.07 6.86 744
backbone—6H,0 330 3.28 336
side-chain—CF,SOH-3H,0 7.04 6.24 2.70
side-chain—6H,0 347 315 1.53
CF,S0,H-3H,0—-6H,0 153 124 148

“Data taken from Wu, Paddison, and co-workers.*****” DPD beads
for the backbone is 6(CF,) units for all cases and the side-chains are —
CF,CF(OCF,CF,CF, )~ for 3M; — CE,CF,CF,CF(OCEF;)~ for S8C;
and OCF,C(CF;)FOCF,— for Nafion (also section 3.3 for details on
simulations).

In addition, by definition, y is expected to decrease with
increasing temperature,™" thereby favoring thermodynamics of
mixing (swelling), which has been observed in other
polymers.ll“"z"ﬂm However, in water vapor, increasing temper-
ature could reduce 4 at very high RHs (as discussed in section
2.1, Figwre &), which, within the context of this discussion,
implies a y that increases with temperature, as also suggested in
other studies.*””** The resultant expression for the interaction
parameter can be written as® 1%

1.5 Ilef
X, T) = x4 +;¢T(1 - ?) (6)
where the parameter yr (and its sign) can be attributed to the
polymer—solvent interactions arising from the change in the
phase of water and membrane morphology due to thermal
history;”** #7455 the expression above at 25 °C is plotted in
Figure 15, and its prediction of water uptake is shown in Figure
b (cases b and ¢, for negative and positive yr, respectively).
The fact that the opposite trend is observed in liquid water, i.e,,
higher 4 and lower y with increasing temperature, suggests
either an interaction parameter cannot be extracted from
classical FH theory for vapor-equilibrated PFSAs at higher
temperatures (e.g.,, due to very small free water), or its behavior
is controlled by the increasing morphological differences
between vapor and liquid-equilibrivm with temperature. In
the latter case, the interaction parameter could provide an
intriguing link between Ady.,, and pairwise interactions
among water and PFSA muoieties, including surface interactions,
which could be used to elucidate Schroder’s paradox. Another
interesting interplay is observed for the temperature-dependent
water uptake: While temperature reduces the modulus of the
polymer backbone, and therefore its resistance to swelling
giving rise to a higher A, a positive dependence of y on
temperature tends to reduce A. Thus, once again, the
equilibrium uptake is governed by the mechanical-chemical
energies, with an intriguing effect of temperature on
interactions. However, it is still unclear as to how the
interaction parameter varies with certain thermodynamic
variables such as pressure; this is an active area of research.
In liquid solvents, however, uptake values change signifi-
cantly dependi‘n& on the solvent (polarity and dielectric
constant),” "% which was summarized in Figure 158
Overall, solvent-uptake capacity of PFSA appears to be
correlated with the solvent’s dielectric constant or solubility
parameter, although a universal trends exists in that higher
solvent uptake usually leads to higher conductivity."™**>***
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Figure 15. Weight change of PFSA equilibrated in various solvents plotted as a function of (a) dielectric constant and (b) solubility parameter of the

solvent based on data from refs 186, 133, and 342. (¢) Interaction parameter plotted as a function of fraction of water™
*) Calculated values for water from MD simulations are included for comparison.*®

{from Yeo et al.™

{54,190,342
7% and other solvents

The solvent uptake vs solubility data create a “swelling
envelope” controlled by the two solubility values of PFSA;
one for its hydrophobic backbone, § ~ 10 (cal cm™)"* and
another one associated with the hydrophlhc ionic groups, 6 &
17 (cal cm®)"?, as discussed by Yeo.”"* As seen from the figure,
all the data are bounded between the solubility of PTFE and
pure water, elucidating the origin of two _distinct solubility
values for PFSAs. Gebel and co-workers'™ published an in-
depth investigation on the swelling of Nafion 117 membranes
in various solvents and reported that it correlates best with the
donor number of the solvent, compared with dielectric constant
and solublh(?: Doyle et al. later presented a similar
correlation,”*” and PFSAs swell more in polar sol-
vents,” """ which was supported by the applicability of
the group contribution theory.”*> It has been reported that the
solvent influences PFSA’s uptake, ™~ *O*152%535 conductiv-
ity,"“******* and domain spacing. Studies on vapor
uptake in other solvents are rather limited."""*** A recent study
by Zhao et al. reported that Nafion’s swelling strain is higher in
ethanol and methanol compared to that in water, despite the
fact that number of solute molecules in water is higher
compared to the alcohols.'””

2.6.5. Morphology and Variations. Even though a strong
link exists at a fundamental level between sorption and
transport, they tend to be modeled exclusive of each other,
and in seemingly disparate ﬁelds, with only a few efforts trying
to bridge them.*"V***37 =4 While the sorption models (for
water uptake) are interpreted as “equilibrium” models, the
transport models involve the uptake and mobility of water and
other species (e.g, conductivity), sometimes also with time
dependence (e.g, diffusivity). An effective approach to bridge
the water-uptake and transport phenomena is through the
phase-separated morphology (discussed in section 3), by using
the size, shape, and connectivity of the hydrophilic domains. In
such models, a membrane nanostructure is usually assumed
(usually spherical or cylindrical “pore”, representing the
hydrophilic domain) and dependent properties are predicted.
Such geometric idealization of water domains is commonly
used for the interpretation of the broad-peaked SAXS data and
measared domain spacing, from which one can estimate
parameters such as the domain diameter, domain size and
number of jonic sites per domain as a function of water content
(see sestion 2.1.1). Although useful for interpretation of the
morphology for modeling purposes, such approaches lack the
nuances of the real structure and its responsiveness, because in
reality, phase-separated nanodomains and their geometrical
teatures result from hydration. It must be noted that various

£41,142,346
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morphological descriptions have been adopted in the literature,
from spherical clusters to locally flat morphologies, as discussed
in section 3.1, nevertheless, a domain can still be defined as
essentially the smallest observable repeated structural unit at
the nanoscale. [Historically, a domain has been frequently
associated with a (spherical) cluster, due to the cluster-network
geometry that was adopted in early studies; however, the
current state of understanding of PFSA morphology neces-
sitates a more general description without a prescribed
geometric shape.]

Moreover, due to the evolution of the phase separation
during sorption, it is not possible to preset a certain
morphology and geometry for PFSA ionomers. In fact, these
morphological changes have been discussed and used in
modeling studies to explain the unique sorption properties of
PFSA ionomers. Inspired from idealized two-phase morphol-
ogies, such as the cluster-network model, similar geometric
descriptions have been adopted to explain or model the
nanostructure based on available SAXS data, 0425226505

L 82,196,20 X

swellmg pressure and sorption,”'”***" sorption and trans-
208,350 30,547,350

port,’ 3% or pore-network ensemble. "7 Pore-net-

work models either construct 1deahzed rigid pores™***" or use

L3

a pore-size distribution.””""*** One shortcoming of idealizing
the water domains as rigid voids and pore-wetting phenomena
is the lack of nanoswelling and backbone deformation, which
do not necessarily reflect the true nature of PESA, which has
hydrophilic domains growing and perhaps coalescing with
water uptake, and deforming the hydrophobic domains.

Moreover, the shape and connectivity of the domains,
whether they are spherical or cylindrical, have been discussed in
conjunction with these models: Weber and Newman proposed
that the connection between the spherical domains become
cylinders in liquid water which explains the vapor-to-liquid
transition.”™ In a similar fashion, but using a different
approach, Kusoglu et al. showed that measured hydration-
dependence of both water uptake and mechanical properties
can be reproduced better, especially at higher humidities, with
random cylinder-like domains in the nanostructure.””™* In
fact, it was shown using such idealized domains that the
membrane’s actual water uptake is bounded between the
uptake of a hypothetical memblane of fully sgherlcal and
cylindrical domains.”'?#**%** Recently, Kreuer™ discussed
possible morphologies for the water domains and concluded
that only locally flat regions agree with multiple sources of
experimental data, a description that agrees with recent cryo-
TEM tomographs of hydrated Nafion;”*” ionomer morphology
is addressed in more detail in section 3.
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Distinct from the aforementioned models, the models of
Fregf{ and co-workers™™*" and Promislow and co-work-
rs," "> both use an expression for the free energy of the system
and minimize it among possible geometries to derive a
description of the hydrophilic domain nanostructure. In this
tashion, they predict the impact of environment on water
uptake and provide a domain distribution that can be used to
run transport simulations. The vapor—liquid transition was also
explained with this type of model but using the (change) in
surface energies.203 Thus, in all of the models, the key is that
the thermodynamic equilibrium is governed by a mechanical/
chemical energy balance where the sulfonic acid moieties would
like to dissolve but this is hindered by the backbone,
hydrophobic moieties that generate a swelling pressure.””**!

As noted, most models attempt to explain Schroder’s paradox
by asserting that the membrane undergoes a morphological
change from vapor- to liquid-equilibrium, especially startin,
with its surface or specific surface phenomena, ™®*>*H3%
Such a treatment eliminates the “paradox” by virtue of adopting
distinct structures even when the water activity is a, = 1
(similar to liquid and vapor phase transitions). The eatly
models were based on the assertion that a PFSA membrane has
a hydrophobic surface in vapor-saturation but becomes
hydrophilic when in contact with liquid water, an observation
that is now accepted based on experimental evidence from
cont:act—angle,!j"“""‘f"(\"z”/0 and mass-transport%o measurements
and more recently supported by water-sorption,”****%
conductive AFM,”" ™% SAXS, ¥ and GISAXS™ % experi-
ments (see section 3.4). Similarly, in vapor, PFSA’s the
hydrophobicity of the surface reduces with increasing
RH,QM’ZT1’27{”‘%1_363 accompanied by higher ionic activ-
ity 22279

Inspired by these observations, researchers proposed to
represent the swelling pressare in thermodynamic models with
another term that is present in vapor phase due to the
“hydrophobic skin” at the membrane surface but absent in
liquid water thereby lowering the counter pressare.”%*%#74%75
As a result of reduced swelling pressure at the surface, the
membrane’s water-uptake capacity increases at the same water
activity. In one approach, the additional term was proposed to
be arising from the capillary effect in vapor, which is quantified
by adding a capillary pressure term to a pore representing the
water domains, which is positive due to the hydrophobic
surface, to the regular pressure term in the polymer
matrix.'**"**** Eikerling and Berg®™ used a pore-ensemble
model involving capillary, osmotic, and elastic pressure effects
that can account for the surface charge density reorganization
and relate the pore swelling to macroscopic uptake through
pore-filling. Their model also resolved Schroder’s paradox using
capillary arguments which change the pressure equilibrium
within the pores. However, using capillary pressure and pore-
wetting mechanisms for the water nanodomains that are open
to the surface is debatable, and has been proposed to be
energetically unstable.”* In the other approach,”***"
modified Laplace pressure is added in terms of a surface
energy term which exists for vapor equilibrium but vanishes for
liquid equilibrium. While the former approach associates the
capillary pressure term with internal matrix/external medium
interface, the latter energy approach does so with the interface
between the internal liquid and polymer matrix. Although
mathematically different, both approaches are conceptually
similar, and use a thermodynamic force in swelling equilibrium
that changes with the phase of the external water, thereby
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resolving the paradox. Freger”™ proposed another term, Gy, to
be added to the free energy, AG’ = AG + AG, to account for
the interfacial energy at the ionic-aggregate/matrix interface,
and defined the chemical potential by minimizing the total
energy per ionic group, g, with respect to 4

P
g=g +g +tro—>ud)= (ag) = u(4) +vp(d)

o

+vp, (4, 0) o)

where an additional term comes from the surface tension, ¥,
and o and v are the surface area and polymer volume per ionic
group, respectively. The chemical potential of water has then a
swelling term and two osmotic terms opposing the swelling, the
usual swelling pressure, p,, arising from elastic deformation of
the matrix, and a new Laplace pressure, p;, involving both
interfacial and elastic contributions. In vapor equilibrium, the
membrane surface would be covered by a matrix-vapor interface
with a nonzero Laplace pressure. However, in liquid water, this
interfacial pressure term vanishes, thereby releasing the
pressure by the amount of excess pressure, p;, which drives
more swelling. This phenomenon has been suggested to explain
Schroder’s paradox. According to this approach, a higher
pressure develops around the domains of the membrane
equilibrated in vapor phase, hence limiting the water uptake
therein.

3. MORPHOLOGICAL FEATURES

A hydrated PFSA phase separates at nanoscales with various
disordered complex morphologies having mesoscale connectiv-
ity to form a hydrophilic ion-conducting phase and a
hydrophobic, nonconductive phase controlling the mechanical
integrity. [As per convention: hydrophilic domains are used to
describe the regions with solvent and cations, although in some
studies they are described as clusters or aggregates, and pores in
molecular models.] Morphological features of sulfonated
polymers have been studied extensively over the past few
decades using small- and wide-angle scattering with X-rays and
neutrons (i.e., SAXS, WAXS, and SANS; see refs 33, 35, 36, 34,
108, 110, 117, 130, 141, 144, 146, 157, 217220, 224, 225, 334,
338, and 364-371) as discussed in section 3.1.1.

X-ray scattering has historically been a useful tool to study
the morphology of dry and hydrated PFSA and similar random
copolymers (Figure 16).The most commonly used information
from the scattering is the single, broad, so-called, ionomer peak
corresponding to a structural correlation length for hydrophilic
domains, and interpreted as the spacing between water domains
on the order of nanometers. This is followed by additional
information that can be extracted from the whole g-range,
including the matrix knee (intercrystalline domain spacing) at
lower-q (larger scales), the Porod-regime at higher g (lower
scales), which is related to internal interface (surface to volume
ratio, S/V), and crystallinity at the highest q (diffraction
regime) referring to atomic distances. Overall, due to the
relative random phase separation, peaks are often broad
without reflections and therefore the interpretation of the
data (e.g, peak behavior during humidification) has been a
challenging task attacked by researchers over the past decades
stating that findings are over interpreted and not definitive. The
analysis is also burdened by the fact that scattering techniques
provide data in Fourier space, the conversion of which to real-
space for a 3D morphology is ambiguous, and open to
interpretation, especially for a disordered polymer such as a
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Figure 16. Historical perspective on morphological studies on PFSA
(membranes, dispersion, and thin films) from scattering and imaging
techniques with X-rays and neutrons. Computational simulations of
morphology are also included. Only publications with strong focus on
PESAs are included.

PFSA. This criticism is somewhat overcome thanks to the vast
amount of structural data obtained through SAXS/WAXS, and
more recently by SANS, QENS, of these ionomers,
investigating the effect of time, humidity, temperature,
crystallinity, mechanical loads, and to a certain extent thickness
and ion-exchange capacity, on ionomer-peak behavior and
associated macroscopic water uptake and conductivity.
Furthermore, these techniques remain robust and powerful
tools to elucidate and compare the structural features of PFSAs,
especially with advances in in situ and operando diagnostics.
Nevertheless, the debate over the exact nanostructure and
connectivity of these domains, and their interactive role in
species transport still continues, in part driven by the desire to
improve and optimize material functionalities (e.g,, conductivity
vs stability) through understanding the interrelation between
transport mechanisms and morphological behavior.

Key to that understanding as well is the local environment,
which has been probed by various spectroscopic techniques.”"®
Such spectroscopic techniques have been employed to study
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Figure 17. Proposed morphological descriptions for Nafion (or PESA): Cluster-network model (by Gierke, Hsu, and co-workers™>*%), evolution of
morphology from spherical domains to rod-like aggregates in dispersion (by Gebel ™), as well as cylindrical or layered model,™****>** rod-like
elongated polymeric aggregate model,”*********® a5d the locally flat ribbon-like model, discussed by Kreuer,”** as well as Gebel and co-workers
(CEA group) ™**"** and later by Kusoglu et al,™ which is also in agreement with the direct imaging from cryo-TEM (Figure 21).
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372373

PFSAs since the 19805, starting with FTIR by Falk et al.

133,220,375,

various techniques 7% FTIR/
ATR? A 2518 and solid-state
NMR.> 57 The assignment of IR spectra bands to
specific molecular interactions is key to their analy-
sis, HREBAAEIGIINITLIL 15 thege studies, the characteristic IR
fingerprints of PFSA are associated with the polymer chains
(stretching bands for C—O~C and CF, between 950 to 1425
cm™'), ionic groups (—SO;~ exhibiting symmetric 1,(SO;7) ~
1060 cm™ and antisymmetric 1,(SO;7) ~ 1130 em™ $-0O
stretching modes as well as v(SO,H) at 2200-2720
em ™), USRS a0 interacting and free water (H—
O-H bending at 1620—1740 cm™’, I/(O—H) stretching at
3000—3450 cm™").FHARRAG A SIS The shifts in
the latter bands, ascribed to changes in local water environ-
ment, are used to analyze water-uptake behav-
jor.*H B OIS ILIN Thys, spectroscopic  analysis of
PFSAs provides information related to proton dissociation
trom SO;” groups and hydration-induced changes in sulfonate-
water local environment, with implications on conductiv—
ity, 7 diffusion 130,475,350,095 SOlptIOIl, 2525 cation/
sulfonate-group lnteractlom, " anneal-
1ng,lesm #¥555% and conformational changes in the main-
chain within the context of the semicrystalline PTFE
backbone.”*******" Eor example, the SO;~ vibrational mode
is influenced by its local chemical environment, where strong
cationic interactions polarize the S—O dipole, from which

1nc1ud1ng Raman,
25,37 4,377 =383
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interaction energies can be determined.™* For this reason,
spectroscopy is commonly employed to elucidate the
substructures of water in response to many phenomena (see
section 4. 4) from aging and cation-contamina-
tion 'V FEHIELIBIELITIAN o interactions of inorganic fillers
with the host ionomer matrix.”****"*? (see section 7).

3.1, Manomorphology

Since the early SAXS works by Roche et al,'""*** Gierke and
co-workers,*”** and Fujimura et al.*>**® reported a humidity-
dependent ionomer peak associated with a phase-separated
nanostructure, a large number of studies have employed SAXS/

SANS to delineate PFSA morphological features. Such
investigations include the effect of hydra—
tion, B 170 33,535, 26,48,82,95,1 17,146,193 217 219-221,223 225,257,323, 354
3
temperature and thermal hlstory LBERT0IL 0RO LET 131, 147,833
317,328 B, 193,400 :

freeze,™ "’ agln 7 mechanical loads, stletchmg and
Orientation 36,84,295,296,334,335,365,367,370,4113,404
L US—RIT2ETAGS L 33,109,135211,346 142,346, 406,407
time, cations, P LI o Gloan g, 1261064

and PFSAs in dispersion state.”*"'™**" Early studies employed

thermodynamics-based models to predict the hydrophilic
domain formation in the hydrophobic matrix based on an
energy balance between the electrostatic interactions and
deformation of the surrounding matrix as mentioned in secticm
849% While the energy of dipole interactions favor
aggregation of hydrophilic ionic sites, the polymer backbone
opposes it. Other works include interpretation based on

2.6 35,197,

¥7,148,217,219,221,125,353,354, 366,407
scattering theory,” "™ PHESRISIELAEONE simulation
studies to reproduce experimental observa-
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66,67,458,368,410—412

tions, direct imaging via TEM,”" and macro-
scopic models based on nanostructure to determine sorp-
tion, B2 ron onort WLETAOA ond o chanical
properties. Even though determining the spacing of domains
(their correlation length) from SAXS peak is straightforward,
the same is not true for their shape, structure, or connectivity.

Based on structural idealizations (see Figures 17 and 18), 2
hydrophobic “wall” of 2 to 3 nm separating 2 to 4 nm
hydrophilic primary domains that are interconnected by
secondary domains (0.5 to 1 nm) have been esti-
mated, 358 G 2B EIE B4 Iihouoh these val-
ues depend on the shape of the domains (either spherical or
cylindrical) prescribed in the calculations, and become
ambiguous when quantifying secondary interconnections and
for other morphological representations (such as locally flat
domains; see section 3.1.2 for further discussion ). Nevertheless,
they are in reasonable agreement with similar analysis from
porosimetry® ™" and cryoporometry,""’ which suggest that
majority of water in hydrated Nafion are within domains of 1 to
3 nm, with larger (>S5 nm) domains in the size distribution were
also reported.” """ As noted, one typically assumes a domain
shape to do the analysis, and commonly used geometries (i.e,
spherical, cylindrical, and lamellar) and their possible
connectivity were evaluated or discussed in studies by Gebel
and co-workers," > oA Liee Y Rollet,*®” Weber and
Newman,"™ Schmidt-Rohr and co-workers, "% Kusoglu et
al.,j'u’%lf% Feng, Savage and Voth, "> and recently by Kreuer
et al. > (see Figure 17). While assuming structures can provide
some insight, direct imaging is required due to the ambiguous
data issues discussed above. Such imaging demonstrates a
locally flat, highly branched structure at full hydration as
described in section 3.1.Z2. Even so, quantification of
morphology with an accurate geometric representation of
domains, their shape, distribution, and connectivity, especially
across water contents, is a remaining challenge.

An integral component of morphological investigations is the
stracture of PFSAs in the dispersion state (as mentioned in
section 1.1.5), with studies dating back to late 80g, 148 14Y
The topic has drawn more attention in recent years, in part
driven by the use of dispersion-cast PFSAs in electrochemical
applications. It has been well accepted that in a dispersion, a
PFSA is not a true solution (although the term is still used) but
rather a colloidal suspension due to the strong role of polymer/
solvent interactions.”*" In a series of SAXS/SANS studies of
PFSA in various solvents and cations, Gebel, Loppinet and co-
workers™"' T'** developed a morphological picture of aggre-
gated PFSA colloids in polar solvents (see Figure 17). The size
of the aggregates is determined by the elastic energy required to
torm the rod-like structure, and the interfacial energy associated
with the polymer—solvent interactions that tends to decrease
by minimizing the surface area.’”*”"*'** SANS data of
solutions was used to extract (1) Bragg spacing of aggregates
via ionomer peak, (ii) radii of the scattering particles via
Guinier analysis, or (iii) information about the particle interface
the study of the asymptotic behavior (large-q at Porod’s
limit)."" In the low-q regime, intensity (I) scales with q™!
indicating elongated objects,l9’3(:"1’3"%’36" 42 Whereas in the
asymptotic regime, I scales as q !, which indicates that the
aggregates present a well-defined interface with the sol-
vent M HALEILIE Phys in dilute solutions of polar solvents,
the SANS/SAXS spectra indicates rod-like elongated aggregates
with a radius of 20 to 25 A and a persistence length of [, = 3 to
5 nm.*"* For solvents with low interfacial energy, the radii are
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independent of the solvent, whereas at high interfacial energy,
the radii increase to minimize the specific area per polar head.
Also, an increase in dielectric constant of the solvent favors the
existence of a local order but does not have a strong effect on
rod radius."***'? Increasing the size or the valence of the
counterion significantly reduce the electrostatic repulsions
between particles and favors interparticle aggregation. Com-
pared to LSC ionomers, the value of the radius in short-side
chain PFSAs was found to be slightly smaller due to the lower
EW (1S5 to 17 A vs 20 to 25 A), while the effect of the nature of
the terminal ionic group was found to be negligible."** All of
these studies on PFSAs from membrane to dispersion form
contribute significantly to the current morphological under-
standing (Figure 17). A number of morphological models have
been proposed since the cluster-network model proposed by
Gierke, Hsu and co-workers,””** where the water attached to
the ionic groups form interconnected spherical hydrophilic
clusters of 4 to 6 nm diameter, which are distributed in the
polymer network (Figure 17). Investigations by Gebel and co-
workers of CEA group on PFSAs from dry state to solution
phase combined several features of previous models in that an
interconnected network of domains would convert into a rod-
like polymer structure in colloidal solution with a structure
inversion due to excessive swelling of water do-
mains. PR ater Rollet, Rubatat and co-workers
described the morphology of PFSAs as elongated polymeric
rod-like aggregates with water pools residing among
them,‘“ﬁ’%ﬁ’%q‘f_c')llowing up on the previous studies from the
same group. """ According to their model, the scattering peak
is associated with the interaggregate distance and hydration is
interpreted as the dilution of these aggregates without structural
reorganization.””*™ Since then, alternative descriptions for the
hydrated PFSA morphology have been pro-
posed,"“"”";""‘"5’4}"”5')"*m’4 H including a sandwich model, where the
water is embedded in the polymer matrix,”** a disordered
network of polymer chains and water pools,”” platelet- to
ribbon-like structure of polymer domains with jonic sites on
their surface,”*” parallel-cylindrical water channels embedded in
a semicrystalline polymer matrix,*'' and a bicontinuous
network of ionic clusters in a matrix of fluorocarbon chains.”®”
However, the structure at full hydration is akin to ribbons, ie,
locally flat, of hydrophilic domains interspersed among
backbone crystallites,”>** although the structure under
different hydration levels is not definitively known, with
perhaps more discontinuous cluster-like behavior at very low
water contents. Such a picture is also consistent with surface-
morphology (e.g, AFM) studies, which suggest a humidity-
dependent fluorocarbon-rich skin within a wormlike network of
elongatedﬂ‘?’ or locally flat”’ domains (see section 3.4).
Similar structural interpretation of SAXS data comes from
the Porod regime, from which one can obtain the polymer—
water interface S/ V. P13 VHEEE Agror an initial increase, S/V
continuously decreases with hydration in order to minimize the
interfacial energy of the system (from ~600 to 400 m’/
cmS).l'w"}'‘.""';"Ez1 ‘While Kong et al explained this S/V vs ¢,
trend in two regimes, arguing a transition from spherical
domains in dry state to ribbons in hydrated state, Kreuer’”
argues that local flattening is still energetically more favorable
than cylinders or spheres, as long as the separated charges are
not completely screened by the high dielectric solvent. This
makes it possible for a PESA to adopt a rod-like morphology in
dispersion state, due to very high hydration levels. In a recent
MD study, Savage and Voth’™* examined large-scale
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morphologies of PFSA and found that a bundle-like structure
flattens into ribbons thereby creating a locally flat model, in
better agreement with transport data than lamellar and random
models. They also found that the hydrophobic/hydrophilic
interface is key for transport phenomena, with lower surface
areas (S/V) showing higher H" diffusion coefficients.**"

More recent studies in various solations and counterion
forms revealed that PFSA dispersions form primary aggregates
at low PFSA concentrations, and then secondary aggregations
with increasing concentration, leading to a more disordered
chain segments that do not participate in the cylindrical rods;
the number and length of molecular chains in the rod and the
rod size both decrease with increasing concentration.**”
Overall, these studies suggest a transition with increasing
PFSA concentration from a coil-like disordered aggregated
structure, where ionic interactions still persist, to more ordered
rod-like aggregates with secondary ionic clusters.**™*" The
phase-separation of the aggregates is controlled by the solvent’s
compatibility with the PFSA backbone, where favorable
electrostatic interactions also influence their interaggregate
distance.***

3.1.1. Scattering with X-ray and Neutrons. Scattering is
a robust tool that probes the morphology based on the
scattering of an incident beam of known wavelength, A,
upon its interaction with the material’s scattering entities’
electronic (X—rays) or nuclear (neutrons) structure, across a
wide range of distances. The intensity is recorded as a function
of the scattering wave vector, g, which characterizes the
distance in Fourier space, and is related to the scattering angle,
by q = 4n/2,. sin(0/2). Depending on the g-range, and the
regime, various analysis could be performed to extract specific
structural information, including, but not limited to the
scattering entity shape/size and their spatial distribution
(form and structural factor, respectively).”

Figure 18 shows the SAXS/WAXS spectra for Nafion
membrane hydrated in liquid water and summarizes the
characteristic peaks and structural features. Typically, there
are three commonly studied g-regimes from which structural
information can be obtained, three of which are shown in
Figure 18. The small-angle upturn (q < 0.01 A™") provides
information about larger-scale structural features (which was
mentioned above). The other three peaks shown the figure are
(i) a broad peak between 0.02 A™" < g < 0.1 A™!, corresponding
to intercrystalline spacing, d. (10 to 25 nm), between the
crystalline domains of the polymer matrix, the so-called matrix
knee; (ii) a stronger ionomer peak, the most characteristic peak
arising from the mean correlation spacing between the
hydrophilic water-domains, d (= 3 to 6 nm); and (jii) the
amorphous and crystalline WAXS peaks at g = 1.24 and 2.6
A, respectively, corresponding to the inter- and intracrystal-
line spacing of the fluorocarbon (—CF,—) chains in the
crystalline structure, and from which the degree of crystallinity,
%, can be estimated (which is discussed in section 3.1.3). There
is also a Porod regime between SAXS (ii) and WAXS (iii)
peaks, which manifest itself as a strong continuous decrease in
intensity with a characteristic slope as noted above.'” It should
also be mentioned that the obtained circular scattering spectra
of PFSA indicates morphological isotropy, at [east in the plane;
through-thickness isotropy was confirmed by edge-on scatter-
ing studies performed by Rubatat’®* and Kusoglu et al**’
Nevertheless, in-plane anisotropy can be induced due to
membrane processing or stretching (see section 3.1.5).
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As seen from the insets, all of the peaks are strongly
interrelated in that there exists a balance between the
semicrystalline matrix and hydrophilic water domains that
governs the degree of phase separation. Figure 18 shows how
this balance changes with thermal history, which shifts all of the
peaks in concert resulting in inverse relationships between the
hydrophilic and hydrophobic properties (d, & d  1/x.).
Thermal annealing of a membrane increases its crystallinity and
reduces d_ (more crystalline domains), which in turn decreases
the water-domain spacing. Similarly, preboiling a membrane
disrupts crystalline order to a certain extent, thereby enhancing
water-domain spacing. Such changes in the phase-separated
nanostructure with thermal history are the underlying cause for
the observed changes in the structure—property relationships
discussed throughout this review. The fact that the matrix knee
changes with thermal annealing supports its assignment to the
crystalline domains, as discussed in references.””*" 441743

Perhaps the most important aspect of PESA morphology is
the growth and shift of the ionomer peak during humidification,
which is an indication of nanoscale swelling of the hydrophilic
domains with water uptake (Figure 19). It has been well
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Figure 19. Changes in ionomer peak of Nafion 117 during
humidification {from 0 to 100% RH) and in liquid water {at 25 °C)
determined from in situ SAXS spectra.*”

documented that d-spacing increases with hydration, which has
also been used to explain many of the observed hydration-
driven structure—property relationships (such as conductivity,
see section 4). Although used mainly to determine the water d-
spacing, namely the hydrophobic/hydrophilic correlation
length, additional information can be extracted from the
SAXS profiles, as shown in Figure 20. First of all, there exists a
linear relationship between d. and 4 during hydration,
indicating that the crystallites in the matrix are also moving
apart slightly to accommodate the growth of the water domains
(Figure 2(a). Interestingly, the changes in d_ with hydration are
dissimilar for extruded and dispersion-cast Nafion membranes,
suggesting that processing influences their response to
hydration, with potentially different larger lengthscale reorgan-
ization. Moreover, the full-width half-max (fwhm) of the
ionomer peak decreases with hydration, indicating a slightly less
disordered nanostructure. Figure 20f also shows that d-spacing
of a hydrated PFSA increases with IEC (or reduced EW) at a
given water content, 4, which increases the size and spacing of
the hydrophilic domains and enhances phase separation, in
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agreement with mesoscale simulation studies (see section 3.3).
[It must be noted that, for a given water volume fraction, the
trend reverses slightly, i.e., d-spacing decreases, since increasing
IEC at a constant 4 indicates a higher volume fraction, which
tends to increase d-spacing due to swelling.] The intensity of
the matrix knee also decreases for higher IEC ionomers,
especially if their crystallinity decreases. Hence, d-spacing of a
PFSA remains to be the single most important structural
property to characterize its phase-separated morphology, albeit
open to various interpretations; for a historical perspective and
earlier discussions on the interpretation of the ionomer peak,
see the review by Mauritz and Moore.’

3.1.2. Direct Imaging. Definitive visualization is required
to unambiguously ascertain the correct morphology, although it
is a difficult experiment duae to sample preparation, beam
damage if using electron microscopy,”***" poqsﬁ)le cation
contamination if using metal support grids®***" etc. A phase-
separated nanostructure comprised of 3 to 8 nm circular
domains has been visualized in the dry state with
TEM. 26480431 However, it is of greater interest to examine
the hydrated morphology, which only recently was visualized
successfully. Allen et al.”™ obtained the first direct 3-D
nanoscale image of hydrated Nafion film using cryo-TEM
tomography, which is shown in Figure 21. This nanostructure
provides direct evidence of the 3-D structure and illuminates
some of the previously discussed descriptions based on SAXS,
in particular, the locally flat or elongated domains, inter-
connected via varying size secondary domains (or channels). It
must be noted that this direct structure was obtained at
maximum hydration and does not necessarily invalidate other
morphologies that may form at lower hydrations levels,
including spherical domains with weaker connections (as seen
in dry TEMs). Still, an interesting outcome of this study is that
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3D nanoscale morphology of as-cast hydrated Nafion
obtained through cryo-TEM [hyir shown in gold)

Figure 21. 3D Nanostructure of hydrated Naﬁon film obtained
through cryo-TEM tomography (from Allen et al.”*®). Inset on the left
shows the scattering profile obtained via Fourier transform.
Reproduced from ref 35& Copyright 2015 American Chemical
Society.

the Fourier-transform of the images yielded a scattering peak (g
~ 1 nm™ (= 0.1 A™), similar to the experimentally observed
ones (see Pigure 18), and also in agreement with predicted
stractures from mesoscale simulations.

3.1.3. Crystallinity. Crystallinity of PFSAs is the most
critical property governing its structural integrity, which gives
them their remarkable stability even at high degrees of swelling,
Increased crystallinity of PFSA has been studied in relation to
its impact on ?ropertles, such as dielectric relaxation,j “i smaller
d-spacings,™***"**" reduced water uptake BB B2,69,5657
and swelling” lower gas permeability”” and free volume
(which is associated with the amorphous regions),””* improved
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mechanical and thermal stability,”"™ """ as well as

conductivity. VO High crystallinity manifests itself
by the amount and size of the crystallites with more ordering,
which tends to enhance mechanical stability but could limit
transport of species.”””"7** The crystalline properties of
PFSA are commonly determined by WAXS (or XRD), from
which one can obtain a scattering/diffraction pattern arising
from the crystalline and amorphous phases of the PFSA’s
semicrystalline PTFE matrix. By deconvoluting the WAXS
peaks, the relative degree of the crystallinity, x, can be
calculated as (Figure 18)%?

_ [7'1.(a) dq
J@1@) + ¢'L(@)) dq

The crystalline peak corresponds likely to the diffraction
from the (100) plane of hexagonal PTFE lattice that has a 15/7
helical formation of CF,—CF, chains.”"******* In fact, the
lattice structure of PTFE chains in PFSAs was discussed in
analogy to the PTFE hexagonal lattice model, which may hold
especially at higher EWs,»*****% where the crystalline
spacing decrease slightly with EW and approaches the value for
PTFE, 493 A" Some studies on PFSAs also reported a
secondary broad peak (ak.a. third WAXS peak), with 2.4 + 0.2
A distance, which was attributed to intrachain distances and
associated with the overlapping diffractions along the chain axis
from both amorphous— and crystalline-phase intramolecular
correlations.”””** More recently, another peak corresg)ondmg
to the C—C bond length of 1.29 A was also reported.

x. values of PFSA were determined either from
WAXSHH6,304G 182,98 106, 145,367 403,418 0 o BRSNS 1
the latter, crystallinity is related to the heat of fusion, as
calculated from the melting peak. The relative degree of
crystallinity of Nafion membranes has been reported to be x_ =
7-17% for extraded (e.g, N112 and N117)° ¥4 and 14—

200"V o1 dispersion-cast membranes (e.g.,
N212), which can be compared with that of PTFE of 55—
75%.47 7% (see Figure 22). The lower crystallinity of PFSA
compared to pure PTFE can be attributed to the side-chains
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Figure 22. Relative degree of crystallinity for various PFSA
membranes plotted as a function of backbone length (TFE repeat
unit), based on literature data from various studies [(a) ref 4¢3, (b) ref
36 (c) ref 3; the symbol * with the error bar represent the average of
all reported values in the literature for 1100 EW Nafion extruded
(gray) and dispersion-cast/annealed samples (black)].
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and ionic sites acting as “defects” that disrupt crystalliza-
tion.""™*"” This was shown by a decrease in crystallinity of
PFSA precursor (SO,F) after it was hydrolyzed which resulted
in the formation of ionic aggregates. S (0 important to
realize that x_ calculated from WAXS patterns could change
from one sample or setup to another, and the reported values
are in fact a relative degree of crystallinity, and therefore are
used here for qualitative comparisons only. Thus, despite the
presence of crystallites, they do not necessarily have long-range
order, and are randomly distributed in the matrix, thus giving
rise to the broad matrix knee. However, through annealing, a
more ordered crystalline structure can be obtained (ie, a
narrower matrix knee) (Figure 18).

Earlier works on crystallinity were motivated by under-
standing solution-processing and annealing effects for develop-
ing a more stable membrane.”*> Crystallinity in PFSA can be
induced (or improved) by thermal annealing process, which
involves heating the membrane above its cluster (T,,) transition
temperature, thereby giving the polymer chains enough
mobility to reorient and pack themselves to form crystallites."”
Annealing in the literature has been done with a rather wide
range of temperatures, from 130 to 250 °C.*W*%1% 1y
temperature-dependent WAXS studies, disappearance of the
crystalline peak was observed above the melt temperature and
around 250-300 °C, depending on the counter-
jon, EAMTEIS o6 well as formation of a (stronger) arystalline
peak during annealing and cooling.****'*

With increasing EW, the crystalline peak narrows and its
intensity increases, reﬂecting the more ordered structure, as was
inferred from TEM studies.™" Crystallinity increases with EW,
but is also affected by the side-chains, which tend to disrupt
packing efficiency and crystallite formation > % 84043545
Thus, the extent of crystallinity can be enhanced if desired
through a more effective packing of polymer main-chain
(crystallization), which can be achieved either by shortening the
side-chains or increasing their separation (or fraction, ie,
increasing EW). "% Thuys, at the same EW, a PFSA with a
shorter side-chain has higher crystallinity, as shown in Figure
22. However, care must be taken when comparing different
PFSA ionomers due to competing effects: a low-EW SSC
ionomer may tend to pack better (due to short side-chain) but
has also more side-chains (due to low EW) compared to
Nafion.*” [Rather limited data on density of shorter-side chain
PFSAs indicates slightly higher density at low hydration levels
(see Figure 12).]

In an effort to explore the chemistry/crystallinity relation-
ship, the avarlable data®*** ¥ 88 for various PFSAs are
plotted in Figure 22 as a function of backbone length, in terms
of # TFE repeat units, m, instead of EW (see Figure 2), which
shows a linear correlation of the form: x, o (pgy — mim).
There appears to exist a minimum backbone length of miy =
3.5—5 (or 7-10 CF, units) for a PESA to exhibit semi-
crystallinity. Below this value, the ionomer exhibits a gel-like
behavior with weak stability, albeit with good transport
properties, in agreement with the fact that 3M PESA of less
than 725 £ 25 EW (myp; & 3—4) and Nafion of less than 900
(mpe & 4) begin to dissolve in boiling water. “577 Previous
studies reported a minimum EW of 965 g/mol for Naﬁon A
800 g/mol for $SC*® and recently for 3M PFSA 7 all of
which correspond to a minimum of 3—4 TFE units requlred to
induce packing order. Thus, there is a trade-off between
transport and structure since even though lowering EW

DOL 1002 acs.chemev 620015
Chem. Rev. 2017, 117, 987— 1104

ED_004850_00000362-00027



Chemical Reviews

7,10

increases proton conductivity:‘
as shown in Figure 5.

Efficient packing of chains in SSC ionomers also reduces
their free volume available for chain motion, which is the origin
of transition temperatures,*’ and will be discussed, along with
mechanical properties, in szction 5. Overall, higher crystallinity
and shorter side-chains tend to lower mobility of the main- and
side-chains, thereby mcrLasmo the transition temperatures and
mechanical properties.”” """ 807 " Thus, by its nature, crystal-
linity and backbone conformation states are strongly related to
the ionomer’s thermo-mechanical relaxations and transi-
tions. ™ > (See sections 3.3, 4, and 5).

3.1.4. Thermal History. Thermal annealing not only
induces crystalline order for backbone main chains but also
allows a membrane’s ionic moieties to rearrange themselves
when the electrostatic interactions holding ionic groups in
aggregates are overcome by the thermal energy. Since such
rearrangements occur above the cluster-transition temperatures
(see secticn %.4), electrostatic interactions also influence the
morphological changes; thus, different counterions can results
in different effects.”"”"****” For example, annealing Nafion in
Na' form results in increased stabilization of SO, groups, which
could persist after protonation and enhance the proton

ML Ap interesting effect of heat-treatments is,

it also lowers crystallinity, ™

437

transport.
however, on the membrane surface concurrent with the higher
crystallinity in the bulk. While AFM suggests an increase in
PESA’s surface hydrophobicity,” ATR/FTIR techniques
revealed that apnealing increases crystallinity with reduced
internal energy that pushes SO;™ group toward the surface to
minimize the surface energy and reorient polymer chains
parallel to the surface,”"*""**** which persists in subsetiuent
humidification as evidenced by reduced conductivity™""'*"
and free water.™”

An interesting aspect of thermal history is the relationship
between thermal annealing and heat-treatments in water (e.g.,
boiling), as discussed and demonstrated in Figuve 1. Although
d-spacing measured in water is lower for an annealed
membrane, it increases upon heating in water and approaches
that of a pretreated membrane (see Figurz 2{c) as mentioned
above in section 1.1.2. The reduced effect of annealing and
crystallinity via acid and water pretreatments has been shown in
terms of transport and mechanical properties as well.**"
Nevertheless, the true impact of annealing on transport
properties is still not completely understood due to
inconclusive results on whether anneahn$ enhances con-
ductmty or not (For a given water content) BASALIT 0L L3108
In fact, when the eﬁects of annealing time, Y117
thickness, and cooling rates (crystallization kinetics
are combined and the impact of activated chain-motions on
transport is considered,'™ (section 4.4) the observed deviations
in different membrane studies are not unexpected. Moreover,
given that annealing increases crystalline order and changes the
surface activity, where ionic groups and side-chains orient
differently than in the bulk, thermo-mechanical relaxations
during heat-treatment process are expected to be strong
functions of annealing time, temperature, counterion, and
more importantly, on the kinetics and crystallization during
coohng,/wwg’ W2i7457 ol of which are interrelated (e.g,
counterions can influence crystallization rate due to different
side-chain mobility and electrostatic interactions).

It was observed in a few SAXS studies that extruded or
processed membranes have an intrinsic orientation, similar to
those observed during stretching as discussed in section 3.1.5.

membrane
YI9B2217457
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This intrinsic orientation could be eliminated by stretching the
membrane in a perpendicular orientation,”*'?* thermal
anneahn% *¥995 and to a certain extent by boiling in
water. However, the intrinsic orientation induced during
extrusion sets a residual morphology that cannot be completely
eliminated even with pretreatment.®® The fact that processing
and external deformation causes similar structural changes
reveals an intriguing link between the thermal history and
mechanical deformation (see saction 5). Xie et al.*”'™ showed
that when Nafion is deformed, its subsequent strain-recovery
rate (or temperatare) is strongly related to its initial
deformation temperature, reminiscent of a shape-memory
effect. This morphology-thermal history link could also explain,
partially, the observed differences in transport properties
between extruded and cast membranes (see section 4).

3.1.5. Mechanical Deformation. To develop a better
morphological picture with deformation behavior, the nano-
structure of PFSA membranes has been investigated under
mechanical stretching (tensile loads) 70008565, 357,570
When macroscopically stretched, the domains elongate in the
stretchln% direction, causmg (nano)structural anisotro-

HIEBYTIONIS 265,367,404 Morphology of stretched PFSA has
been studied in con]unctlon with conductivity (which increases
in stretching dlrectlon), * crystallinity,” " orientation of
domains, > 7ML (harmal relaxation behavior,'™  as
well as birefringence experiments to study nanostructural
orientation and relaxation.””®** The stretching- -induced
orientation has also been evidenced by Raman spectroscopy”
and supported by MD simulations. ™

From the data of stretched membranes, nanoscopic changes
in d-spacing (nanostrain) follows the macroscopic deformation
(externally apphed macro-strain), with a linear correla-
tion."*"**** However, the ratio of nano- and macro-
deformations were not the same, indicating nonaffine behavior.
Interestingly, the ratio of the nonaffinity of deformation is
smaller than that observed for swelling (see section 3.2), R
which again reveals differences in the underlying mechanism of
swelling-induced matrix deformation vs externally induced
deformation. It must be noted that various modeling attempts
to link multiscale deformation mentioned the importance of
mesoscale deformation, and necessity of its inclusion in a model
to explain fully PFSA morphology.”"***"*** van der Heijden et
al.¥*" observed that the orientation of jonomer, amorphous, and
crystalline peaks differ during stretching, with the latter being
less sensitive. Also, even stronger effects in the crystalline phase
was ev1denced by the change in lattice dimensions and
anisotropy.”™ They explained this by describing the deforma-
tion at the mesoscale in terms of the rotation of bundles
comprised of rod-like polymeric aggregates and the subsequent
orientation and elongation of the polymer-chains within the
bundles upon further qtretchmg, 7 in accord with the
morphology discussed above*” 42 and shown in Figure
2%c. In fact, strain-induced deformatlon occurring at multiple
length scales (from nanodomains™ % to larger length scales
(e.g, ~70 nm’ 4 are strongly intertwined with the mechanical
stress—strain response of the PFSA (as discussed in section 5).
While deformation at lower strains is an average response of
polymeric aggregates, thus giving rise to a more or less elastic
modulus, the preferential orientation of domains at larger
strains are strongly related to the postyield hardening behavior.

‘When deformed, the ionomer peak in the SAXS spectra of a
PFSA becomes elliptical, indicating reorganization of hydro-
philic domains, wherein the d-spacing increases in the
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Figure 23. Nafion morphology under deformation inferred from SAXS
studies: (a) Change in d-spacing as a function of pressure for thickness
and hydrostatic compression cases and (b) corresponding 2D SAXS
images with an pictorial depiction of deformed nanomorphology
{Kusoglu et al).**" {c) Below shown is the evolution of multiscale
deformation mechanisms in Nafion during stretching, based on studies
by CEA group (from van der Heijden et al*” and related works from
the same group'™**%*542%),

stretching direction and decreases perpendicular to the
stretching direction (PFigore 23). A similar phenomenon is
observed under compression, which brings the domains closer
(reduced d-spacing) in the compression direction, but increases
their separation (higher d-spacing) in the perpendicular
direction, as illustrated in Figure 23. Such domain orientation
in the stretching direction was shown to align well with the
improvement in transport properties measured in the same
direction, including conductivity’ ™" and  self-diffusion,™
which was attributed to the reduced resistance to transport (i.e.,
tortuosity) due to preferential alignment of transport pathways.
However, changes in transport or mechanical properties usually
come with an opposite effect in the perpendicular direc-
tion.””"? > Such changes were also confirmed using
molecular simulations™* predicting that the side chains orient
perpendicular to the stretching direction, thus enhancing their
nanophase separation with longer hydrophilic channels, which
increases proton conductivity along the stretching direction but
decreases it along the transverse one. It was demonstrated that

1015

conductivity in the thickness direction also increases when the
membrane is compressed, albeit at a rather small rate and with
possible contact-resistance effects, ™" which was attributed to a
closer proximity of water-domains, despite slight water loss
under compression (see sections 2.6.3 and 5.2).”°7 For a fully
hydrated membrane, the relative change in d-spacing is stronger
than the relative decrease in water content, 4, revealing an
interesting interplay among uptake, morphology, and deforma-
tion.”*” Therefore, regardless of the deformation mode
(tension/compression), any orientation induced in the
membrane results in anisotropy not only in the morphology
but also in the transport properties, leading to changes that
could be stronger than changes in water uptake.

Inspired from these effects, Lin et al.””>** developed a
prestretched (PS) Nafion membrane, which was stretched with
a heat-treatment process to set an oriented morphology that
can possess some of the transport-property anisotropy
discussed above. Prestretching was found to reduce the
water-domain size, but increase their number leading to a
more uniform distribution compared to recast Nafion.”””
Moreover, prestretching was found to increase crystallin-
ity,””>*™ mechanical properties,”* and reduce the amount of
freezable water,”™ and methanol permeability,'w‘l/ but does not
affect much the water uptake and conductivity.”™ Interestingly,
in PS Nafion, the crystallites strongly align along the stretching
direction, while the amorphous phase remains isotropic, which
helps explain the property improvement and anisotropy.”"”
3.2, Multiscale Swelling

The swelling behavior of a PFSA membrane results from its
structures’ response to hydration effects at multiple length
scales: from nanoswelling of domains to a possible supra-
molecular organization at mesoscales to accommodate the
growth and reorganization of water domains as well as
semicrystalline polymer aggregates (Figare 7 and Figare 18).
Hydrophilic (or water) d-spacing, d, in PFSAs increase with
water content, 4, exhibiting a linear relationship, confirming the
nanoscale swelling of water domains (Figure
24a), PEBHEATSE hich was shown to hold for other solvents
as discussed in section 2.3 A plot of d-spacing vs 4, or AV, /
Vs exhibits a linear relationship, signifying the local-swelling of
hydrophilic domains. Thus, the hydration dependence of d-
spacing can be expressed in various ways

d(A) — d,, AV
d(d) = dy,, + snﬂorg =sd=s5—=
dry v (28)

where s, (or s, 5,”) is the nanoscale swelling coefficient,”™ in
analogy to the macroscopic swelling coefficient discussion in
sectionn 2.3, the value of which changes depending on the
descriptions used. Figure 24 depicts that this linear d—A holds
for all PFSAs, but with a slight dependence of dy, on the
ionomer chemistry and EW. While such linearity was originally
observed by Gierke et al,™"* who associated it with growth of
hydrated domains, the mathematical insight of this relationship
nevertheless was not satisfactorily explained in the early
studies.”™" Litt"™ suggested, based on the proportionality of
nanoswelling with AV, /V, (s,” = 1 in 2q 28), that the packing
of the hydrophilic domains should be lamellar. Similar
considerations followed later, albeit with different structural
interg)retations, in the works by Gebel ™ and co-workers at
CEA'"#%%% ((ibbon-like morphology), and Haubold et al.
(sandwich-like morphology).”** Recently, Kreuer revisited the
same concept in conjunction with structural analysis of SAXS
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Figare 24. (a) Water domain spacing, d, of PESA membranes as a
function of water content. (b) Normalized d-spacing with respect to its
initial value in dry state as a function of water volume fraction. Inset
includes the data from dispersion form ((pp < 0.6, or @, > 0.4), and
shows the transition from membrane {solid) state to dispersion state
with a change in slope. Open symbols in (b) represent data from MD
and DPD simulations. Data are compiled from refs 33, 82, 144, 193,
218, 223, and 333 for Nafion, ref 42 for 3M PESA, and for ssC”
Dispersion data are from refs 141, 142, and 146.

data to confirm Iocally flat domain structure, which follows d =
daey + AV A'S (s, = 1),"* which was confirmed in other
stadies.” Moreover, Kusoglu et al. showed that the linearity of
d—A extends to 3M PFSAs, * and heating in liquid water®
(Figure 20). The fact that d—/ relationship is valid during
humldlﬁcatlon,ﬁ”z”“’Q“"“ﬁ’ 2 (d, 4y = 2.7 t0 32, 5, = 0.125 to
0.135), heating in liquid water (ddw 2.75; s, = 0.135),% and
dehydrating at subzero temperatures (dg, 275 s, =
0.145),”*" suggests a universal correlation across the temper-
ature and hydration ranges with similar nanoscale swelling.
Recently, d — 4 trends were shown to hold for 3M PFSAs as
well, although with a lower nanoscale swelling, s, which was
attributed to better packing of hydrophilic domains at a given 4,
owing to their shorter side-chains. In fact, such nanoswelling
behavior has also been observed in MD/DPD simulations,
1nc1ud1ng the similar effect of PFSA EW and chemis-
tryﬁ”(' AL (g igare 24a).

An interesting correlation appears when the change in d-
spacing with hydration, d(1) /dgy, is plotted agalnst the
macroscopic swelling, L{4) /Laey (dlscussed in section 2.3 and
Figiwe 11) as demonstrated in Figure 20. Such a plot shows a

1016

linear correlation, albeit with a slope around 4 to 6 (instead of
1, which is affine), indicating a nonaffine swelhng behavior
across these length scales '@ 1952172822083 358576 g
phenomenon, first reported in early studies in 1980, has
been a subject of controversy and attributed to various
mechanisms,”***™
changes in the proposed morphological descriptions (Figure
17). For instance, Hsu and Gierke proposed that such structural

usually in conjunction with the structural

changes accompany coalescence of water-swollen clusters
during water uptake that lead to higher increase in their
spacing that would be expected from an affine relationship.””**
In a dry PFSA membrane, ionic SO;” sites cluster to minimize
the free energy and grow with water uptake by deforming the
surround polymer matrix, which, in turn, exerts a counter
pressure to the growing domains, *6475 1992012853350 444 g
a result of this interplay between hydrophilic and hydrophobic
domains, a structural reorganization and coalescence of the
water-filled domains has been proposed to occur across the
length scales, as discussed in refs*>HBISRALLUSILII AL gy ch o
structural reorganization occurs, then the number of SO;™ sites
per domain is also expected to increase (as the total number of
domains decreases upon coalescence), as calculated from the
modeling analysis of scattering data,™"****** (as shown in
Figave 20e). Nevertheless, such analysis and the controversial
nature of nonaffine swelling has been in part due to the
nanostructural descriptions adopted and could be resolved if
one considers swelling of locally flat domains, which swell
proportional to the volume of water (Figure 17). This was
shown by Kreuer,”™ who also argued that, while at low
hydration the locally flat morphology must persist as the water
helps establish ionic cross-links, there is still the mesoscale
assembly of these domains. The overall morphology is
governed by the conformation degrees of freedom of the
polymer chains and interactions. Therefore, an assembly at
mesoscales is possible, which could be more dependent on
processing and thermal history, and give the characteristic
properties of the macroscopic polymer.

Thus, while one would expect affine swelling due to the
lamellae type nanomorphology, at the macroscale, one is
probing more the mesoscale assembly of these flat domains.
Such an assembly is expected to respond in a different fashion
than the individual nanodomains, which is consistent with the
broadness in the scattering peak, as shown by Kreuer.™* This
was further detailed recently by Kusoglu et al.*” in that the
nonaffine swelling response of the PFSA membrane can be
reduced to an affine behavior, if the ionomer is cast as a very
thin film (<100 nm), which also exhibits a stronger local
ordering reminiscent of locally packed flat domains. The fact
that such affinity in swelling is lost at macroscales and the
membrane exhibit nonaffine swelling suggests that there is
indeed some intriguing assembly of locally flat domains at
mesoscales, which may or may not undergo a structural
reorganization.

Given the morphological changes across a wide range of
hydration levels, researchers attempted to extend the d-spacing
regime to dispersion state to explore the underlying origins of
hydration and solvation effects.’” "> ***3%%* gty dies by CEA
group,™*” ARG showed a transition in the hydration
dependence of d-spacing around water volume fraction, ¢,, =
0.45, after which PFSAs exhibit a different swelling behavior in
the dispersion-regime (as discussed in section 3.1.1). Thus, one
can rewrite eq & in the following form
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Figure 25. Simulated morphology of PESAs at various length scales as determined from (a) ab initio models (Paddison et al.**), (c and d) mesoscale
{coarse-grained) models, and (e) phase-field models.****** Panel a demonstrates the impact of backbone length on min number of water molecules
required to bridge SO sites. Panel b illustrates the concept of coarse-graining. Panel ¢ shows the effect of EW for Nafion at two hydration levels
(from ref 46%) and panel d shows a comparison of three PESAs at the same water content (Wu and Paddison®). Also see Tuble 3 for the computed
interaction parameters for these structures. {e) Possible morphologies obtained from variational model for low high and low mixing energies
corresponding to the strength of segregation of phases (from Promislow®*****). ((a) Reproduced from ref 62. Copyright 2005 American Chemical
Society. (&) Reproduced from ref 253. (c) Reproduced from ref 44%. Copyright 2011 American Institute of Physics. (d) Reproduced from ref 63.
Copyright 2008 Royal Society of Chemistry.)

() v AV, + V, " over the whole hydration regime, and their mesoscale hierarchy

—=(1=-¢)"= ¢_ — =|— cannot be ignored.

ddry V} Vp Thus, in light of many recent evidence providing a better
(29) picture on multiscale swelling and hydrated morphology,

completing the morphological picture of PFSA necessitates
the explanation, imaging, and modeling of the evolution of

hydrated domains, ie, m = 0.5 for rod-like elongated nanostructure from dry to hydrated state, and its linkage to the
aggregates, which occurs in the dispersion state. In the solid mesoscale morphology.

where the exponent m is related to the morphology of the

regime, m = 1 has been reported, indicative of locally flat 1D

145 142,146,193,335, 354,425 3.3. Mesoscale Models and Simulations

domains. (as shown in Figure 17) A

A large body of computational work on PFSAs exists in the

literature including classical MD,"¥*2 b initic MD

(AIMD)!"2”(}"‘ 24353 empirical-valence-bond  (EVB) mod-

els, > colf consistent mean feld (SCME), %
53,65, 4611

and mesoscale modeling (e.g., coarse-graining) studies.

These simulations report a large data set on radial distribution

functions between various atoms (hydrated morphology),

Nevertheless, when the literature data plotted together, Figure
20 suggests a deviation from m = 0.5, to values toward m = 2,
perhaps reflecting the interconnected disordered morphology
of the PFSA in the regular hydration regime. The best fit to the
data, however, appears to be m = 1.33, which is slightly different
than 1, perhaps indicating the morphological imperfections in

locally flat domains but still significantly different than the domain(pore)-size distributions, and self-diffusion of species.
isotropic value of m = 1/3, as is the case of macroscopic (3D) As mentioned, for simulations, “pore” is the oft-used term for
swelling of PFSA membranes. This underlines the point that hydrophilic water domain and “cluster” refers to larger length
locally, PFSA nanodomains do not exhibit isotropic expansion scales. For a discussion of MD models, most of which focus on
1017 DOk 1. 103V acs chemrev 420015
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transport phenomena see section 4.4.3; below we examine
coarse-grained and higher-level models that use MD in part to
determine structure.

Key findings from the earlier studies using electronic
structure calculations,z‘%’él’li62_465 as reviewed and discussed in
studies by Kreuer and Paddison,"”*”"* could be summarized as
follows: the dissociated state is a result of the excess positive
charge being stabilized in the H-bonding network of water, and
the excess electron density (due to breaking of the SO;—H
bond) being delocalized by the neighboring chemical group. H-
bonding between water solvating the SO,~ groups is favored,
which creates a continuous water network (within the first
hydration shell) even under minimal hydration conditions
(protons begin to dissociate at 4 values of as low as 3). Later
MD studies by Vishnakov and Neimark suggested that protons
could travel even in the absence of such continuous pathways
by forming short-lived dynamic bridges (100 ps) between more
concentrated water domains.”"" " (See section 4.1.3 for
related discussion on diffusion.)

To predict the water distributions and morphology, higher-
level models than MD are required due to the larger sizes (10—
200 nm) and number of atoms, which are comparable to
experimental SAXS™ and TEM data.""" To overcome the
limitations of conventional MD, coarse-grained methods have
been employed to model mesoscale morphologies, where one
can examine length and time scales that are several orders of
magnitude greater and longer than MD simulations."”**** A
commonly adopted method is dissipative particle dynamics
(DPD), S #7 LRIEAL yhich relies on dynamical evolution
of coarse-grained clusters of atoms (beads), whose response is
driven by dissipative (molecular friction) and stochastic
(Brownian-like) forces.”’ In DPD, a mesoscopic structure is
obtained where the Flory—~Huggins interaction parameter, y,
(characterizing repulsion) between the beads (which represent
a group of atoms, as shown in Figire 25b) are estimated from
the mixing energy computed using Monte Carlo calcula-
tion.”"** In these models, a PFSA is represented as a chain of
beads connected by harmonic springs, with short-range
conservative interaction forces acting between the beads. The
topology of the Nafion chain for example could then be
composed of a backbone particle A (representing the (CF,),,),
decorated at regular intervals by side chains consisting of a B
particle (—OCF,C(CF;)FOCF,~, for Nafion) terminated by
the hydrophilic end group, € (-CF,SO,H-
3HZO—).63’65_"57’71’3‘“’4u Then the water bead, W, comprised
of a number of water molecules, is added. The interaction
parameters among these groups have been calculated in many
studies, which quantitatively characterizes the degree of phase-
separation among the hydrophobic and hydrophilic groups, and
water particles."” "7t Figure 25¢,d shows simulation results
where one can clearly delineate the water domains from the
backbone and start to analyze specific morphologies and
transport pathways. One can then determine using these
morphologies the self-diffusion of water (section 4.1.2), or even
conductivity,”* if the electrostatic interactions are introduced.

From the figure, one can compare the distributions to those
obtained from SAXS (see section 3.2). d-spacing computed for
various PFSA membranes all suggest a similar increase with
hydration (4)%"%F A0S (Figure 24a) and qualita-
tively agree with the experimental data in terms of side-chain
and EW effects with a linear functionality. Nevertheless, the
computed d-spacing in some cases are larger than those
measured, which can be explained by the smaller volume of
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simulation boxes, for which the MWs are lower than realistic
values, and lack of crystallites, which would exert additional
forces driving domains toward smaller sizes.>*"59459457 1
fact, d-spacing was shown to decrease with increasing MW’
and is expected to approach measured values with larger length
scales in simulations, which could also reveal new topologies
and larger-scale architectures. % 15¢-460 Also, most simulation
studies correctly reproduced the experimental SAXS profiles,
albeit through different methods and phase-separated struc-
tares,”*>*' "% which demonstrates that capturing SAXS data
alone is not sufficient to identify unambiguously a PFSA’s
morphology due to its nonunique nature.

Comparison of spacing and radius of domains, along with
cluster-size distribution provide additional insight into the
connection and geometry of the domains. A number of studies
reported a change in cluster-size distribution with hydration
from many small isolated water domains to fewer but larger
water-domains (i.e, coalescence as discussed in szction
3.2)FIHIANASE 1 fact, substantial rearrangement of SO;”
groups and conformational changes in polymer chain was
suggested to result in nonaffine swelling correlations, even in
the absence of mesoscale organization of domains of lower
dimensionality.” """

Other approaches that can be used to predict the
morphology are energy-balance-variational and phase-field
models®>*** that utilize a functionalized Cahn—Hilliard
(FCH) energy, as discussed by Promislow et al. In these
simulations, an overall expression for the free-energy of the
system is minimized among possible geometries to derive a
description of the hydrophilic domain microstructure as
introduced in section 2.6 In this fashion, they can
predict the impact of environment on water uptake and provide
a domain distribution that can be used to run transport
simulations as shown in Figare 25. The figure shows the
structures for various mixing energies, 7., which reflect the
entropic penalty for high densities of interspersed ions and
counterions, with larger values leading to segregation of charge
groups on the length scale of the domain.””" At higher water
contents, the appearance of the network starts to mimic that
observed using the cryo-TEM (Figure 21), composed of flat,
worm-like small channels. Finally, these models naturally
predict changes due to liquid and vapor boundaries in terms
of an inversion of the morphology that occurs due to a
vanishing surface-tension energy term.

3.3.1. Impact of EW and Side-Chains. Coarse-grained
techniques have been especially helpful for delineating the
effect of side-chain length and EW on morphological teatures
for Naﬁon,{’:{"éi‘;i”q(’s §SC,PHenen T AT g A
PESA, 749456 45 shown in Figure 25. Peterson et al™’
stated that while a SSC could prevent SO; groups from
penetrating the hydrophobic regions, favoring transport in the
bulk-like phase, it could also enable the hydrated protons to
interact more with the backbone, enabling transport at the
hydrophilic/hydrophobic interface.*” According to Devana-
than and Dupuis,‘”': shortening side-chains, while retaining the
same backbone, offers no significant benefit for transport
because the longer side-chain is bent and becomes effectively
equivalent to a SSC, and any improvement in conductivity of
SSC could be originated from reducing its EW, i.e. increasing
the concentration of acid groups. On the other hand, simulation
studies by Cui et al. found more connected and dispersed water
clusters in SSC PFSA, while Nafion’s longer and flexible side-
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Surface Topography and Current Distribution {Conductive AFM): Effect of Humidity

RH= 30
Mapping the

surface

55

T

a4

nd conductive hydraphilic] sites from current images

Figure 26. Humidity-dependent surface topography and current distribution of Nafion 212 membrane based on conductive AFM, shown with the
evolution of conductive and nonconductive regions. Shown below is a schematic representation of the change in surface morphology with
humidification and in liquid water. (AFM images and surface mapping modified from He et al.””> Reproduced from ref 273. Copyright 2012

American Chemical Society.)

chain tend to cause more aggregated and disconnected
clusters.**”

In a series of ab initic MD calculations on SSC PFSAs,
Paddison and Elliott™”"” demonstrated that the side-chains
and their separation by means of the backbone length (#1i1pg)
affects the extent and nature of H-bonding between terminal
SO~ groups and the number of water molecules needed for H'
dissociation. There also exists a critical backbone length for
SSC PFSAs (mipg = 4), for which no H-bonding forms
between adjacent SO;H groups in the dry state dae to the
larger separation. The minimum number of water molecules
required to transfer the proton to the water in the first
hydration shell and transfer it both scale with the number of
backbone CF, groupsm”’?'3 (see Figure 25a). The simulations
revealed that when the backbone is folded partially, it brings
sequential SO,” groups closer, thereby allowing water to bind
strongly to the protogenic groups. With such conformational
changes in backbone, the number of water molecules required
for proton dissociation is reduced and it is more likely to be
associated with Zundel ions at higher 4, indicating a link
between chain flexibility and dissociation. In another AIMD
study, ™" a hypothetical carbon nanotube structure function-
alized by — CF,SO;H was modeled with and without fluorine,
which showed dissociated protons are stabilized as Eigen-like
(H;0") cation in the former case, and as a Zundel in the latter
configuration (H;0,"), owing to the fact that F atoms stabilize
H-bonds and enhance proton dissociation. In addition, proton
dissociation was found to increase as the distance between the
SO,H groups decreased. """

In terms of side-chain effects on phase-separation, shorter
backbone and side-chains both lead to better connectivity with
more dispersed water-domains, while longer/larger side-chains

1019

result in larger domains and stronger segrega-
657, T, A4 A6 L ABT,AT L

tion.*” Although most of these results

were obtained from comparisons of Nafion and SSC,>***"*
recent studies reached a similar conclusion for Nafion vs 3M
PFSA**" and 3M PFSA vs SSC (3M PFSA side-chains are more
flexible).®” Shorter pendant chain of 3M simplifies its
conformational states, where it is either full extended to form
a hook, whereas Nafion’s LSC is more delocalized."*® These
effects also manifest themselves when it comes to a membrane’s
response to hydration; at low hydration levels, high EW and
LSCs (such as Nafion) tend to have more aggregated and
disconnected domains, while SSCs have better-connected
networks (see Figure 25¢,d).#>** Nafion’s longer chains
also makes them more flexible, which increases mobility

2,467,472

especially in the hydrated state.” " Thus, for a given 4,
d-spacing was computed to be in the order: Nafion > 3M >
SSC, in agreement with the experimental observations
indicating higher d-spacing for Nafion (Figure 24a), although
values are comparable for 3M and SSC in the latter.™
Changing the EW for the same side-chain also impacts the
phase-separation and transport, in a manner consistent with
experimental observations. Increasing EW or backbone length
leads to stronger aggregation resulting in fewer but more spread
out domains due to the stronger repulsion between the
hydrophobic and hydrophobic domains, with higher specific
pore area.”™*"**" Thus, while calculated domain size decreases

. . L 63,65,67
with higher EW, d-spacing increases,””"™

resulting in a
structure with reduced connectivity and thus slower transport
(Figure 25¢). (See section 4.2.2 for further discussion.)
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3.4. Surface Morphology and AFM Studies

Changes in the PFSA surface during hydration and associated
interfacial phenomena are key aspects of the transport/
nanostructure interplay. The membrane surface, representing
the interface between the bulk membrane and environment
external to the membrane, not only influences the transport
mechanisms as discussed in section 4.1, but is also interrelated
to the nanostructural changes within the membrane. Thus,
surface morphology and compositions, and their dependence
on environmental factors, are strongly coupled to mechanisms
controlling the membrane’s behavior.

To probe the interface, surface techniques are used. These
include X-ray photoelectron spectroscopy (XPS), which probes
the chemical composition of PFSA surface from the binding
energies of chemical bonds: eg, fqr Nafion C:0:F:S = 30 +
1:60 + 1:8.6 + 0.03:1.4 + 0.1.77% Those stadies have shown
that hot-pressing reduces the S:F ratio at the surface.*”® The
most commonly used technique to characterize the membrane
surface is atomic force microscopy (AFM), which can provide
useful surface topography data especially when accomplished
under humidification. Nevertheless, the true potential of AFM
for elucidating PFSA’s surface behavior has been unveiled in the
past decade when combined with current sensing, so-called
conductive AFM (CAFM)."*##7 837987475 quch electro-
chemical scanning-probe techniques are powerful tools for
imaging the surface morphology, as well as localized electro-
chemical activity therein, and thus are particularly well-suited
for ionomers.”*"*"’

Earlier AFM studies observed a hydrophobic fluorocarbon-
rich surface depleted of ionic groups in dry PFSA, and a
stronger phase-separation with humidification.”"*" #3148
In addition, based on the evolution of the inhomogeneous
distribution of current mapping images in CAFM stud-
ies, "*7*7*"% the fraction of conductive, hydrophilic (active)
area increased with increasing humidity, which was associated
with enhanced surface hydrophilicity (Figare 26). In these
studies, phase-separation at the surface has been evidenced in
the form of 25 to 45 nm size conductive, hydrophilic “active”
sites comprised of 3 to 15 nm domains, surrounded by PTFE-
rich “inactive” 1'egi0ns‘c‘1’74"?’74’‘Bﬁ;”d‘‘7'3 (see also Figure 28). In
CAFM, a distribution of current is obtained, which shows an
increase in average current as well as broadening of the
distribution with increasing humidity, reflecting the enhanced
active sites.”’#*7FTETATMAELAE. Thio while these active sites
are isolated at low RHs, they grow in size and become more
connected and conductive with humidil&y,51’i’-’/’"}"‘;'}":')"’”4"}"‘;5’4'}'3
which was further enhanced in liquid water.”” Interestingly,
both single-domain conductivity and the number (or fraction)
of conductive sites increases with hydration (Figure
2T although it is difficult to assess whether a
hydrophilic site is also electrochemically-active given the nano-
to mesoscale variations at the surface.”””*" Yet, RH-dependent
average surface conductivity from CAFM was shown to
correlate, at least qualitatively, with bulk conductivity of the
74272 In fact, 2 monotonic increase in current with RH
has also been observed.”*"**"® The increased fractional area
for water entry through the surface has been correlated with
mass-transport at the surface, which reveals that the wetting and
sorption interactions at interfaces aid in understanding
transport mechanisms in bulk membranes, as will be discussed
in section 4.1, Such wetting interactions have been shown to
have significant effects in water uptake of bulk membranes,
where polymer reorganization as well as interfacial resistance at

ionomer.
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the membrane/vapor interface can limit transport."*”
However, it should also be noted that the strong correlation
between the mass transport properties and fraction of surface
ionically conducting area is relative in that the magnitudes of
the mass-transfer coetlicient and/or conductivity cannot be
obtained unambiguously without a reference experimental
measurement.

Recent CAFM studies also allowed for comparison of various
PFSAs. Compared to Nafion, SSC and lower EW PFSAs have
more connected, larger water-rich regions with a broader
distribution,™ but interestingly their total conductive area are
all similar, regardless of the PFSA.*>**™ Thus, while
individual nanodomain sizes and their mesoscale distribution
appear to be highly dependent on chemistry, the (macroscopic)
fraction of conductive area is mainly governed by the
environment.

Another property characterizing the surface hydrophilicity of
the PFSA membrane is the contact angle. Advancing contact
angle of Nafion is 113 to 116° in drier conditions (4 < 5),
which is close to that of PTFE (110°), and decreases to below
100° in saturated vapor,”™''* and to 83 to 87° when in contact
with liquid water.””"***" These values tend to decrease further
with lower EWs.'** Thus, there is a switch from hydrophobic to
hydrophilic surface from vapor to liquid saturation, whereas a
secondary transition occurs between 4 = 5 to 9,°%"'* where a
bound-to-free water transition takes place (see sectiom 2.1).
Daly et al*** supported this via MD simulations showing a
more hydrophobic surface at the membrane/vapor interface
than the membrane/liquid one. Thus, in addition to the AFM
studies, existence of an interfacial layer has also been studied
from the perspective of vapor vs liquid transitions (as discussed
in section 4.1.5), in that, interfacial resistance effects are
vanished or minimized in liquid water. GISAXS studies of
Nafion also confirmed the hydrophobic nature of the
membrane surface in water vapor.”***"" In marked contrast,
the surface of a liquid-equilibrated membrane was found to be
completely hydrophilic or wetting.”****” RH-dependent
interfacial effects were observed for O, transport as
well ™% Gargas et al*®' employed a pore-directed nano-
lithography to determine the connectivity of hydrophilic
domains through Nafion, which was used as a mask to etch
electrochemically the silicon surface underneath leaving a
footprint at the Nafion-silicon interface, and found that only
48% of hydrophilic domains beginning at one surface are
connected to the other surface. Despite its unequivocal role in
understanding surface and transport phenomena, there are still
gaps between the quantitative correlation of nanostructural
features of bulk membrane and surface (e.g, SAXS vs AFM).
Recent studies on PFSA thin films by Krtil et al,,*”* Kusoglu et
al,*™ Davis et al,'”’ Ogata et al,”* and I(ongkal1anc14':7 all
showed distinctly different transport mechanisms due to
confinement and surface effects, which will be discussed in
section 6.

All of these studies lend credence to the concept of a RH-
dependent dynamic interfacial layer at the membrane/vapor
interface, akea. “skin layer”, S I00252SOARTSANI0WSASAE
illustrated in Figure 26. At low hydration levels, this layer is
highly hydrophobic and resistive, with the fluorocarbon chains
oriented parallel to the membrane/vapor interface and thereby
limiting mass-transport of water and possibly ions. In a
hydrated state, however, the wetting interactions make the
surface highly hydrophilic and conductive, where the ionic
moieties are randomly oriented with more of them facing
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outward thereby facilitating transport by activating conductive
pathways. The thickness of such a skin layer has been under
debate des}pite values estimated be on the order of 10
nm, 7% et its influence and effective thickness can be
elucidated in conjunction with transport and thin-film studies
(sections 4 and ©). This surface (skin) layer can be modified
through aging,‘w"” armealing,'g')'(')"?'t)S and other surface treat-
ments.””" For example, the hydrophobic skin effects can be
minimized/removed through surface treatments such as plasma
etching with Argon gas causing a more hydrophilic surface with
higher ionic activity.””’

4, TRANSPORT PROPERTIES AND MECHANISMS

Transport phenomena in polymers comprise multiple mecha-
nisms and species moving throughout the matrix at various
time- and length scales. These processes are often coupled and
generally investigated using a wide range of diagnostic
techniques that provide complementary data to define and
elucidate the governing mechanisms and structure/function
relationships. While there is a rich literature pertaining to these
phenomena, there is a need to coalesce the studies to uncover
the underlying transport mechanisms, especially as the
literature is often contradictory. In this section, all aspects of
transport will be reviewed and detailed.

In general, transport in these systems typically considers a
linear relationship between the flux of a species and its driving
force™ (see Table 6 and Figave 27)

N,

==L, Vi, (30)

Table 6. Summary of Transport Mechanisms, Driving Force,
and Flow in PFSA Membranes®™

gradient or driving force

R G B |

Aux hydraulic head temperature
fluid hydraulic thermo-osmosis electro-osmosis chemical
conduction 0SMOosis
Darcy’s law
heat heat convection thermal Peltier effect Dufour
conduction effect
Fourier's law
current streaming thermo- electric diffusion/
current electricity conduction potentials
Seebeck effect Ohm’s law
ion streaming thermal diffusion  electrophoresis diffusion
potential Soret effect Fick’s law

“Adapted from J. S. Newman transport notes.

where N, and y; are the molar flux density and chemical
potential of species i, respectively, and L;; is related to the
frictional interactions between species i and j. The most
commonly used measurements techniques in PFSAs for
studying transport phenomena and determining the various
L/'s are listed in Table 7, which include (i) transient diffusivity
from dynamic vapor sorption (DVS); (ii) steady-state (SS)
diffusion or permeation (usually under an applied chemical-
potential driving force); (iii) self-diffusivity or local mobility
from pulsed-field gradient spin—echo (PGSE) nuclear magnetic
resonance (NMR) or quasi-elastic neutron scattering (QENS)
(usually exciting a molecule and tracking its interactions and
relaxation in the absence of concentration gradient); (iv)
electro-osmotic transport of water under applied potential; (v)
indirect techniques probing correlated structural changes using
time-resolved techniques, such as SAXS, SANS, or Fourier
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transform infrared-attenuated total reflectance (FTIR-ATR) or
dielectric spectroscopy; (vi) and ionic conductivity from AC
impedance, broadband dielectric spectroscopy (BES) or
electrochemical impedance spectroscopy (EIS). The findings
in these studies provide useful information on the processes of
transport in PFSA membranes, yet a complete understanding of
the transport mechanisms (e.g,, water transport) is elusive due
to the complex and ill-defined nanostructure of the membrane
and its surfaces.

For example, water diffusivity reported in the literature varies
up to 4 orders of magnitude, from D ~ 107° to 107> cm?/s
(Figure 28) due mainly to the varying testing methods, which
could be probing distinct water-transport mechanisms and
focusing on certain time- and length scales. Although some of
these coefficients can be related by thermodynamic factors for
example (section 4.1), others are fundamentally different due to
a lack of external gradient (e.g, PGSE NMR), different driving
forces (Table 6), or additional phenomena occurring (e.g,
transient sorption). Similarly, relaxation times vary depending
on the length scales and species tracked (Table 7). Thus,
understanding the water-transport mechanisms requires a
systematic investigation that bridges the studies conducted at
multiple length- and time scales via different experimental
techniques (Figure 28). As demonstrated in Figure 28 however,
water diffusivity does correlate very well with the length scales
over which it is measured.*** This finding highlights the key
role of the morphology/transport interplay that occurs over
multiple length scales, from molecular-level fast motions of
water and protons to their mesoscale transport restricted by
tortuosity and network effects, with an overall impact on
macroscopic diffusion and conductivity. Although transport in
PFSAs has been widely studied, challenges still remain,
especially understanding the underlying mechanisms for
simultaneous movement of water and ions within the polymer’s
phase-separated, dynamically fluctuating structure (see szction
3).

4.1, Water Transport

The water-transport mechanisms and techniques can be
classified depending on whether it is a steady-state or transient
measurement (under a constant concentration-related driving
force) or whether it provides information about the
(molecular) mobility of water at the meso- or nanoscales
(ie, inter- and intradomain transport). The literature is rich
with studies on steady-state and transient water diffusion in
PFSA membranes (see Figure 28 and Table 7) including:
N 238,269,299,486,457 499,500
steady-state transport measurements, n-
413,505,506 ) .
ternal water profiles, gravimetric water up-
EF,137,207,216,335,246,295,484,707,568 .
take, v 7T A AR AR ST EATL R0V time-resolved
45,02 ) . . .
FTIR,™ evolution of water-domain spacing using
17,118,016217 o T
SAXS/SANS, HHAEAT and XRD Tracer or self-diffusion

is commonly measured using NMR as a function of
95,186,191,244,255,297,208,304,510— 512
temperature,

water con-
tent, 47,53,83,95, 1891, 244,255,287,304,398,402,503,51 3,514

cationic form (as
discussed in section 7 ® pretreatment and
annealing,‘ig’g‘?"j}“ as well as to investigate various ionomers
such as SSC Dow/Aquivion,é"l7"6‘S Flemion, #**1#%%% 3\
PFSA,”**° and Gore-Select Membranes.”’? It should be
noted that water transport in this section refers to only water
under water gradients (ie., diagonal components in Tablz &)
and not the cross-correlated ones discussed in section 4.3
As mentioned, transient studies involve water uptake in
addition to water transport (Figare 2%), and to distinguish this

2,370,560

S

3) 44,150, 156,5 10,5155
3),
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Table 7. List of Commonly Used Techniques to Study Transport Phenomena in PFSA Membranes

property and probed species technique
water transport
steady-state diffusion, D

transport coeflicient, a

diffusion

diffusion

ss

liquid-water permeability, k pressure differential

transient (dynamic) diffusion weight uptake, DVS
ion/water transport

self-diffusion coeflicient of protons or water

pulsed-field-gradient (PGSE)-
and their mobility NMR

radio-tracer
QENS

“diffusivity” from time-dependent spectra of  time-resolved FTIR

molecules

“diffusivity” from time-resolved nanodomain  time-resolved SAXS/SANS

response
bulk conductivity

local conductivity

EIS
conductive AFM

broadband dielectric
spectroscopy (BES)

dielectric properties and ionic relaxation

electroosmotic coefficient, water transport
number

streaming potential/current

gas transport

gas permeation crossover, constant-volume

gas permeator

studied phenomena

transport driven by concentration gradient in the absence of Ap (= 0) and A® (= 0)

transport driven by chemical potential gradient in the absence of Ap (= 0) and
AD (= 0)

water transport driven by pressure gradient in the absence of Ac,, (= 0) and
AD (=0

diffusivity (dynamic) due to transient weight changes

self-diffasion of H* or H,O based on their attenuation in applied magnetic field, in
the absence of Ac,, (= 0)

self-diffusion based on the isotopic-exchange of radioactivity tagged water internal
and external to membrane

self-mobility of species in confined molecular geometry based on their interaction
and energy exchange with neutrons

molecular level information from change in vibrations of chemical bond at different
wavelength during swelling
time-dependent changes in nanostructure, e.g., ionomer peak

proton transport and mobility under applied voltage, AD

dielectric properties and impedance as a function of frequency

transport of solvent and species due to potential gradient in the absence of Ac,, (= 0)

and Ap (= 0)

transport of gaseous species due to partial pressure gradient

Chemical

Diffusion: Chemical Osmosis
tnterface + Bulk ST

Hydralic - Thermal - Hectric
Liquid Permeation Thermo- Electro-
Hydraulic Parmzability  Osmosis Osmosis

Ac=0
Ap=0
AT> 0
AD >0

Figare 27. Hustration of transport mechanisms in a membrane for various driving forces. (See Table 8.)

fact, the term dynamic diffusivity is used if the study reports
only a single diffusivity (i.e., does not account explicitly for the
two processes). Hence, the membrane’s nanostructure has to
accommodate the nanoswelling and growth of water domains
as well as any solvation effects of the polymer chains (see

molecules to move. Thus, the time to reach the equilibrium
water-uptake at a given humidity provides information on the
time scales for the water transport and interactions inside the
polymer. For example, the decrease in dynamic diffusivity with
water content compared to steady-state diffusion could be
attributed to growth and relaxation of water clusters reducing
the water mobility, whereas within the time scale of
observation, interfacial mass-transport effects could significantly
impact steady-state measurements. Thus, as seen in Figure 28,
the values for the dynamic studies are often much lower than
those for the steady-state ones. In the following subsections,
steady-state and transient water diffusion will be discussed
including secondary issues such as interfacial mass-transport
resistance and relaxation.

4.1.1. Steady-State Diffusion. Steady-state diffusion in a
PFSA is generally investigated using a diffusion cell where the

membrane is subjected to a chemical-potential gradient of
water, Vi, by controlling the water activity or concentration at
both surfaces. Under such conditions, the molar water flux
through the membrane is related to the imposed driving force
through the characteristic transport property of water, ie.

N, = —a;Vy, (31)

where o is the transport coetlicient, and Vi, can be expressed
as (at constant temperature)

Vi, =RTVina, + V, Vp (32)

In the absence of a pressure gradient (Vp = 0), eq 31 yields
N, = —-aRTVlna, (33)

and @ can be related to the thermodynamic diffusion
coeflicient using a molarity concentration scale byb"‘

_ RTA

D =g, ——
A+

. (34)

Often, Fick’s law is used for the water-transport equation, for
which, the driving force is concentration gradient, i.e.,
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{a) Water Diffusion in Mafion Membrane
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Fignre 28. (a) Water diffusion coefficient in Nafion membranes
reported in the literature based on dynamic, “577 10 TS
steady-state diffusion,*®®*7%7 3% elf-diffusion
(NIMR), 5595 5L, 344257, 334,505,505 00 OENS®3™ measurements. (b)
Plot below shows diffusion of water in aqueous solution and in PFSA,
which were measured from various techniques probing water transport
across time- and length scales (from Kreuer et al.***). (c) Ilustration
of structure-transport interplay across the length scales (also see
section 3.1 for further discussion of morphology).

N, = -D/Ve, (35)
where Dy is the (Fickian) diffusion coefficient for steady-state
diffusion and is concentration-dependent (ie, D; = D{c,))-
The two diffusivities defined above are related by the Darken
tactor, which accounts for the change in concentration with

water activity (arising from the nature of the sorption isotherm,

1023

¢, (a,), discussed in section 2) and relates the thermodynamic
diffusion coefficient to the Fickian one

_ dna,

D =
"7 dln ¢, "

(36)

It should be noted that this factor is somewhat of a
simplification of accounting for activity coefficients and
nonideal behavior of these systems as well as the use of only
a single solvent and treatment of the PFSA as a single-ion
conductor.

Steady-state diffusivities reported for Nafion membrane are
generally consistent within the same order-of-magnitude, and
increase with water content or humidity (see Figure 28). An
interesting observation common among studies is that the
steady-state Fickian diffusivity exhibits a sharp peak around 4 =
3—5, whose decrease is followed by a slow increase with
additional water, indicating a nonmonotonic dependence on
concentration. #5358 This has been a subject of debate
over the decades, since it was discussed in papers by Springer,
Zawodzinski and co-workers,"***"* and has been attributed to
the Darken correction, as the derivative term in #iy 35 is also
nonmonotonic, ™ FHHIEIGIOLE Gl 5 behavior was linked
to the distinct regimes during water uptake (see section 2.1):
very fast diffusion and hydration with initial water molecules
where strong ionic interactions persist (1 < 4 < 4), followed by
a decrease with the formation of sparsely connected water
domains that inhibit water transport. Although such trend was
initially associated with steady-state measurements, it was later
shown to exist in transient diffusion experiments as
well 17207,436,236,246

Determining the steady-state water diffusivity is actaally
measuring the resistance to water transport through the
membrane. However, as the test setups and cell designs vary
among these studies, caretul attention must be used to ascertain
that the correct value is being reported and analyzed, not a
combination of effects (e.g, it includes membrane/vapor
interfacial resistances). The interfacial resistance and the bulk
resistance to water transport can be determined from a steady-
state diffusion experiment by measuring the water flux through
the membrane at different water activity gradients, Aa,, = a,,; —
a,,, and using samples with different thicknesses (L) (Figure
29a). The diffusivity can then be determined as a function of
average water activity in the membrane from the measured flux

Aa a

activity difference  _

wl — A

L
+ o+

m,1 ks

W -

1

L

(37)

where the resistance is the sum of the interfacial resistances (1/
k,) at both sides of the membrane and the bulk resistance,
which is inversely proportional to the steady-state diffusivity
(1/D) (Figare 29a), and T, is the average water concentration
in the membrane between the two activities. Although it is
perhaps more appropriate to use the chemical-potential
difference, the above is the preferred data analysis method in
the literature. Thus, a plot of the measured membrane
resistance as a function of membrane thickness, L, gives a
straight line where the slope yields the diffusivity and the
nonzero intercept, if it exists, gives the interfacial resistance.
Note that if the intercept is zero, the interfacial resistance does
not exist, and 2q 37 reduces to the original expression, N,
T, DAa,/L, meaning that the diffusion process is not limited
by interfacial mass transport. Also, care must be taken to ensure

Cw 1

k

resistance

DOL 10102 acs chemrev 6500159
Chem. Rev. 2017, 117, 987—-1104

ED_004850_00000362-00037



Chemical Reviews

Steady-State Diffusion

Thickness, L

jmn

Mass-transpory
at the interface

¥
Total Resistance
o water transport

A

MR R e R
Wy 1D 1k,

¥
nastragture

Transient Diffusion & Water Uptake

Transport 2t the
interface

+
Dynamic uptake

-1

e 500
v
»
&
[
W .
& 306 - franstent #ass Uptake
8 -
& - s
2 a0 @
& 200 e
100 8 @
. 50 90%
- creee B 2095
o . : . . .
¢ 0.002 0.004 G.006 0.008 0.01 ¢ 20 46 £ &0 00

Thickness, L {om]

120
Tirne {min]

Figure 29. Comparison of steady-state and transient water transport: (a) Resistance to steady-state water transport in the membrane as a fanction of
membrane thickness showing the mass-transport resistance at the interface. (b) Dynamic-vapor-sorption curves at different humidity intervals
showing the normalized mass change with time. (The figure is inspired and modified from Kusoglu and Weber.")

any external influences such as water-vapor access to the
polymer surface or gas-phase boundary layers are minimized
and/or considered. A typical resistance vs thickness plot is
demonstrated in Figure 287" As discussed later (section
4.1.3), there is an interfacial resistance that changes with activity
and must be considered.

4.1.2. Transient Water Uptake and Diffusion. Unlike
steady-state diffusion, transient diffusion involves the incorpo-
ration of water and any polymer relaxation or multiscale
swelling and is related morphological changes that occur (see
section 2.2). These processes result in different functional
forms and values for the diffusivity as seen in Figure 2% The
dynamics of water transport in PFSA membranes are
commonly investigated using time-dependent gravimetric
measurements, for example using a dynamic-vapor-sorption
(DVS) analyzer. Most studies rely on measuring the change in
the mass of the membrane with time at a given temperature and
humidity from which the diffusivity of water can be determined
(see Figare 29b).

Determination of the diffusion coefficient from a DVS of a
membrane going from dry to saturated conditions can be
cambersome. Mathematical modeling of dynamic water
transport in PFSA membranes requires a careful examination
of thickness, mass-transport coefficients, relaxation, and
diffusivity, the competition among which determines the
dominant (or limiting) process in the membrane. Moreover,
all of these parameters change with concentration and time,

1024

which makes it challenging to characterize the dynamics of
diffusion. For time-dependent, transient water transport, Fick’s
second law is often assumed,

de,,

= VN, = =V-Dy(c,)V
dt w d(CW) CW

(38)

where Dy is considered a concentration-dependent dynamic
diffusivity, which, as mentioned above, accounts for both
sorption and diffusion, and thus is different than the
concentration-dependent diffusivity determined from steady-
state experiments. The equation above can be solved with the
initial and boundary conditions that are either concentrations
internal or external to the membranes or relating the flux of
water into the membranes (i.e., Dirichlet or Neumann
conditions, respectively). For membranes whose thickness is
much smaller than the other dimensions, diffusion in the plane
is negligible and diffusion in the thickness direction controls the
overall (water) mass uptake. Therefore, it is a common practice
to use the membrane thickness, L, as the characteristic length
for the diffusion process. The solution to g 38 results in a
characteristic time constant of Taguen (= L2/Dg). I multiple
time constants or transport and sorption processes exist for the
system, the above analysis becomes very complicated and it is
easiest and more straightforward to assume a phenomeno-
logical approach of additive time constants with each term
representing different time-dependent process for water
transport and uptake
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M(t) = M,
M, - M,

o0

1- ZAmexp _t

T

m

with Z A, =1
m=1
(39)

where A, is an empirical constant showing the contribution of
the process, m, and 7,, is the characteristic time constant for
that process. While useful for comparing data, such analysis is
not necessarily directly correlated to the governing physical
processes. This form can also be used to characterize the
diffusion-relaxation process in the membrane by associating a
second time constant with the relaxation of the polymer
backbone during water sorption. Doing so generally results in a
two- to three- orders-of-magnitude higher value than the
diffusion time constant,”' meaning that the overall transport
process becomes controlled by the polymer morphological
rearrangement. Alternatively, interfacial resistance can be
implemented into the equation by setting 7, = Ty e = K/
L. Lastly, swelling of the PFSA membrane with water uptake
(discussed in section 2.3) must be considered for incorporating
the true diffusion length in the analysis (in 2qe 30—37).
Unlike steady-state measurements, transient experiments rely
on longer time scales of observation during which the same
final state can be achieved through various intervals of humidity
(or activity). A consequence of using humidity intervals is that
two types of transient measurements can be undertaken: (i)
integral diffusion, where the sample is instantaneously exposed
to a target RH (e.g, 100% RH), and (ii) differential diffusion,
where the sample is equilibrated within smaller humidity
intervals (e.g., steps of 10% up to 100%
RH).!7H5750720,258,380898 Be conducting a differential experi-
ment, the humidity or concentration dependence of the
diffusivity can be determined. The results of a DVS experiment
conducted by measuring the water-vapor uptake by increasing
the humidity step by step up to the saturation vapor pressare
are shown in Figure 29b."" The data suggest that this diffusivity
decreases with increasing humidity and reaches its lowest value
(1077 cm?/s) at 100% RH.7*72163479%% The decrease in
diffusivity at high humidities is opposite to those observed in
steady-state and NMR experiments, in which it generally
increases with increasing RH. The underlying origins of this
opposite trend have been attributed to the secondary
mechanisms present in dynamic measurements, including
water-uptake and longer relaxation times, greater absolute
amounts of water necessary at high RH (sorption), or smaller
differentials in the chemical-potential gradient (although the
RH interval is fixed). Mangliagli et al. explained the slower
sorption at high RH by the smaller enthalpy of solvation in an
already-hydrated membrane, which effectively reduces the rate
of additional water uptake.””” Related to this is the observation
that PFSAs exhibit non-Fickian diffusion at very low
humidification (0—20%),”* undoubtedly related to the impacts
of solvation energies under those conditions (see section 2.6).
The slower diffusion at higher RH intervals is consistent with
observations of stiffer backbones exhibiting slower water-uptake
responses””’ and can be correlated to nanodomain swelling and
related structural properties.’” Thus, the nature of diffusion
process in PFSA is strongly dependent on the type of the
measurement and the transport mechanisms it probes, which
become more complex over larger concentration gradients and
time scales.
Dynamically, both sorption and desorption processes can be
examined, and desorption has been shown to be fast-
p,7AOTRIGISIBAREN ith up to an-order-of-magnitude
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. L A¥3484492 ran
higher diffusion,” PA2 (for methanol as well'™) and

attributed to either water organization,m’ interfacial ef-
fects, ¥ AT 1 heat of condensation.”™™ As for the latter,
during sorption, there is an increase in temperature due to the
heat of condensation of the vapor, which has the effect of
lowering the water-vapor activity relative to the higher
membrane temperature and, therefore, decreasing the sorption
rate.”” Interestingly, no rate difference was observed in FTIR-
based molecular diffusion studies™ or when diffusion was
measured under vacuum,”® while interfacial effects during
sorption/desorption have been shown to be effective at low
flow rates™ and for thin films.**"*"* This observation is
probably due to differences in polymer surface and internal
stracture (i.e., initial state), which is dominant in thin films. For
example, one can explain a faster desorption rate based on the
notion that it is easier to expel and contract the water domains
rather than expand them (ie., larger domains facilitate water
removal).

4.1.3. NMR Studies and Self-Diffusion. The thermody-
namic diffusion coeflicient, D, can be determined by pulsed
field gradient spin—echo (PGSE) NMR. Benefits include
probing the internal movement of the water, and thus
minimizing impacts of boundary conditions and interfacial
phenomena. In PGSE NMR, an intradiffusion coefficient for
species bearing the detected nucleus is determined from the
diffusional dephasing of (or loss of phase coherence in) a
gradient-encoded magnetization. Thus, with varying field
gradients, one can detect the diffusive transport of this tracer
species (i.e, tracer-diffusion) at various diffusion times and
lengﬁh’ scales (A 4-600

48753,186, 244,297,389, 500,504, 51 1,5 12,522 -508 Y (Lol
(ms) give the molecular diffusivity of water molecules within
shorter length scales (um), longer times could probe diffusion,
and restrictions to it, over longer length scales (e.g, multiple
domains at the mesoscale) providing information on
morphological features and tortuosity of the percolation
pa thway PATN:

"™ 1t must be noted, that NMR measures the
ensemble of 'H nuclei and therefore is a weighted average of all
diffusion coeflicients in the different environments. In addition,
NMR measures a tracer diffusion and not a true self-diffusion,
although they can be correlated for the larger length scales with
appropriate interpretation and evaluation (see section 4.4).
[Throughout the text, we use tracer and self-diffusion
interchangeably, although the former is for NMR experiments
exclusively.]

NMR studies of Nafion investigated the dynamic water
behavior by means of the relaxation time, which increases with
increasing hydration (1) (from ~10 to 200 ms), 7SO and
temperature.”” I HHISIELIILILLIE At {ovw hydration levels, the
molecular motion of water is influenced by the acidity and
mobility of the SO;H groups to which the water molecules are
coordinated, which makes water reorientation easier in
confined hydrophilic domains, as evidenced by the low NMR
relaxation time (T,). %9595 At higher hydration levels,
their behavior is more controlled by the size of the hydrophilic
domains and approach bulk-water.

A frequently reported property from PGSE-NMR of PFSA
membranes is the tracer-diffusion coefficient, D', as a function
of hydration and tempera-
pure, HH7SISTIB62IT 04313, 14 S02=S0ASITEIONI0 Tl o cation
effects. In PGSE-NMR, one cannot distinguish between the
neutral or charged species (e.g,, H,O vs H;0"), and thus the
mobility calculated from tracer diffusion is a related but
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ambiguous representative measure of conduc(’.ivityg{'}‘7"5M"wJ

(see section 4). In fact, tracer diffusion in cation-exchange
membranes provides insight into the separation of such
mechanisms (see section 7.3). For example, Saito et al.*
reported that, in PFSA-Li"* membranes, self-diffusion for Li*
(Dy;,) does not changes as a fanction of diffusion time, A, but
self-diffusion for H,O decreases; indicating slower mobility over
longer length scales due to the heterogeneous nature of the
water-transport pathways. The fact that the self-diffusion of
water in aqueous water is constant over A further supports the
role of contributions from interacting (bound) water molecules
with H-bonding in PFSA-H' membrane.

Figure 38 shows diffusivity data for several PFSAs including
Dow, Aquivion,*”** Flemion,**>**"**% 3M PFSA,***" and

15
K
<
&
5
B o .
e a
o K £w]
@
o) P
& IO
bS] phow €
PR %
Z 05 ]
[~
AE " 8
g
&
&

10 15 20 25

Water Content, 4 {H.,0/50 ]

Figure 30. Water tracer-diffusion coeflicient of PFSA membranes as a
function of water content (25—30 °C), compiled from the PGS-NMR
data in the literature: Nafion (1100 EW)>%19L2#6297515,502,505
Dow,”" Flemion,™® 3M," Gore-Select,™ as well as anisotropy of
D’ and stretching effect for Nafion membrane (from Li et al. OS2

Gore-Select Membranes.”'* Even though the tracer-diffusivity
slightly increases for lower EW ionomers,””"" it does not
change significantly for reinforced membranes, implying that
macroscopic reinforcement does not restrict mobility at the
length scales probed by NMR.>** At subzero temperatures, D’
reduces significantly, indicating that water molecules still exists
in a mobile state but with slower diffusion, in accord with the
presence of bound water but a reduced amount of free
water”" ¥ (gee section 2.5). At low 4, water has a lower
mobility due to its strong interaction with the ions (i.e., bound
water), giving rise to a low D’. With increasing 4 (or ¢,,), water
mobility and D’ increase and approach the self-diffusivity of

bulk water, D;,, which can be expressed as

D/
a4
b

T

D'(¢,) =

(40)

where 7 is the tortuosity. Although the general trend is to
interpret the diffusivity data with respect to a tortuosity or
increased path length,™***! the self-diffusion of water has also
been analyzed using free volume theory. In this analysis, the
diffusion process is described based on a diffusing species of
free volume, v, moving through a hole that is larger than a
critical volume, v¥, ie, D o exp(—gv*/vg SEAIIE0EE Guch a
(free) volume effect was shown to capture the measured data
by accounting for the size effect of the diffusing species, in

$3,297,550,531

particular for water and alcohols.’
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Another phenomenon studied by combined NMR and
conductivity experiments is the activation volume measured
under high pressure, which can be interpreted as the volume
change when a diffusing species transfers from a “normal”
position to an “activated” position.”*”****** When a proton
transfers from a H;O" jon to a separate water molecule, it
moves from a high volume to a low volume (where H" is shared
by 2 water molecules), thus the negative activation volume. The
activation volume decreases with increasing 4, where transport
is dominated by bulk/free water similar to aqueous solutions,
whereas at very low A (i.e, bound-water regime), the activation
volume is high and transport is controlled polymer-chain
motions and interactions.”**** %%

Selt-diffusion of water and hydronium ions in PFSA has also
been calculated from MD simulations from the mean-square
displacement of species at various hydration lev-
els./ P HIAOEE MDD studies by Vishnakov and Neimark
suggested that water could travel even in the absence of
continuous pathways by forming short-lived dynamic bridges
(z,, = O(100 ps)) that create temporary connection between
the nanodomains if they are sufficiently close.d‘";’%l"w‘”These
values are in the same order as discussed in modeling™*®**"***
and QENS*#95% qtudies, which helps elucidate the
coupled nature of water-proton transport via hydronium
(H;0%) or larger solvated ions (see szction 4.4.2). This time
scale for an intermolecular bridge of I, &~ 0.3 to 0.5 nm gives a
diffusivity 1075 cm/s, close to that of bulk water.**' Devanathan
et al. "™ and Cui et al."* calculated that self-diffusion for H,O is
higher than that for H;O" (Do > Dysg). Also, compared
with the experimental data, the former was higher while the
latter was much lower, due probably to the existence of proton
hopping mechanisms.”*”*** Cui et al. found higher diffusivity in
Nafion compared to SSC PFSAs, due to its larger nanodomains,
although less well-connected at the mesoscale.**

In addition to the tracer-diffusion coeflicient, NMR
relaxometry also provides information related to the mobility
of water molecules and their interactions with SO;”. For
example, the activation energy for reorientation of water
molecules in confined domains (inferred from NMR) increases
with hydration due to a reduced probability of H-bonding with
the neighboring SO, sites.”>"*“>** 5% perrin et al**”
showed using NMR relaxation that the diffusion is more
anisotropic and 2-D at lower hydration, due to more locally
structured water therein, and becomes more 3-D at higher
water contents. Hickner and co-workers™ reported shorter
NMR relaxation time of SSC compared to Nafion, which was
attributed to ability of its flexible short side-chains to promote
reorientation of O — *H bonds around the water molecules, in
line with its higher conductivity at given A. In a recent study,
lowering the EW in 3M PFSA was found to reduce the
relaxation times of water, indicating faster mobility.”"’

Finally, while Nafion 212 membranes exhibit nearly an
isotropic diffusion inferred from D’ measured in the plane and
thickness directions,”***** there is an anisotropy in Nafion 112
membranes that are extruded, with faster diffusion (up to 18%)
in the extrusion direction.”” Madsen, Moore and co-workers™
carried out a systematic investigation on the selt-diffusion of
water in each direction in a stretched Nafion membrane as a
function of draw ratio. D’ was observed to increase in the draw
direction, and decrease in the transverse direction in such a way
that D’ averaged from the three directions falls on the same
curve for all of the draw ratios (Figurz 30).%77%%° These results
support the morphological picture of interconnected locally flat
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hydrophilic domains that could exhibit preferential orientation
under a macroscopic deformation. This finding was supported
in later NMR studies,™"**” exemplifying the structure-diffusion
interplay, and a structural anisotropy on the order of 70 nm was
observed upon stretching.** A rather interesting behavior was
observed by Lin et al*™ on prestretched Nafion membranes
(see section 3.1.3), where water mobility reduced with
increasing (pre)draw ratio but its self-diffusion remained
unaffected, demonstrating the separate effects of meso- and
nanoscale transport processes.

4.1.4. Liquid Transport. Unlike the above analysis with
water diffusion that depends on a difference in concentration
(e.g, humidity or water partial pressure), transport of liquid
water across the membrane does not involve concentration
changes. It is pressure-driven, which can be related to a
chemical-potential driving force

—L_Vp =L, Vp

AS (41)

where g, is the viscosity, Lp is the hydraulic permeability
coefficient,”*>** and k is the membrane permeability (in the
range of 3 to § X 10716 cm?), ¥R IBIOLORSOTI Ty,
assumption above is that the flow across the membrane due to
a liquid pressure gradient follows a Darcy’s-law type expression,
something common in porous media and commonly used to
analyze pressure-driven flow in PFSA mem-
branes.” > 545 Uging  this formalism, the transport
coefficient from eg %}—31 can be related to the permeability as

k
7 2
“v,

ap =
(42)

Similar to diffusivity, the value of the hydraulic permeability
coeflicient depends on membrane ?Ee‘treatment effects” and
mechanical modifications, ™% #% and increases with
temperature.” T Also due to the nature of the
experiment, dynamic liquid-transport experiments are not
conducted and those that probe related processes (e.g., SAXS
tor domain spacing and water-profile analysis in section
4.1.6), IS0 demonstrate much more rapid changes
and hence faster time constants than in vapor experiments. The
effect of water phase on sorption behavior has been attributed
to the thermal history”* and the distinct processes for water
transport from liquid and vapor phases,”******* where the latter
is related to the interfacial resistance at the membrane/vapor
interface™"** and surface nanostructure.” "

4.1.5. Liquid/Vapor Transport and Interfacial Resist-
ance. As noted in ssctions 2.2, there is a change in water
content and morphology depending on the phase of water that
is contacts the PFSA membrane surface (ie., Schrdder’s
paradox). 7 hP20284255258,26258 Giilarly, as  discussed
above, there are also different values for the transport
coefficients and even their meaning depending on how the
chemical-potential gradient is interpreted due to the phase of
water. Thus, there is a natural difficulty in analyzing data with
both liquid and vapor boundaries (i.e., pervapora-
tion ). 5 these experiments, a higher flux s
achieved when Iiciuid is present on one surface.”*"*3
Adachi et al®**" measured the water flux though the
membrane with vapor/vapor, vapor/liquid, and liquid/liquid
boundaries and found that the liquid-equilibrated transport
coeflicient (determined from the slope of flux vs chemical
potential) was the highest for the membrane exposed to liquid
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water on both sides, and lowest for the vapor-exposed
membrane as shown in Figure 31. These results also suggest
a difference in the nature of the transport mechanism and the
mesostructure it is transporting within (e.g., changes in surface
stmcture) .

/
/

mz, 1

/
/

Water Flux [mol

O-: = A
0 0.001 0.002 1 2 3
Chemical Potential Gradient, Aulkd/mol]

Figure 31. Measured flux as a function of chemical potential gradient
for various cases (from Adachi et al.™*).

Related to the issue of liquid versus vapor boundaries is the
existence of an interfacial resistance to mass transport. Such a
phenomenon can be derived from steady-state measurements
by varying the membrane thickness as shown in Figure 2%a and
described in section 4.1.1. A nonzero intercept, as shown in the
figure, allows for the calculation of the mass-transport
coefficient (see eq 37), which is written as a serial resistance
for water transport

NW = km(ﬂint - ’uext)

where int and ext represent internal and external to the
membrane, respectively. The mass-transport coeflicient is a
function of temperature and humidity, where it increases almost
exponentially with humidity or slightly greater than linearly
with 4 (Figure 32).?"‘;5"‘48” Various values of k are given in
Table § 275:464=426,500,540

(43)

The increase in mass-transfer coefficient or decrease in
interfacial resistance with humidity can be rationalized based on
the existence of a varying PFSA surface morphology. As
discussed in section 3.4, and illustrated in Figure 26, the surface
morphology adopts configurations that are humidity dependent
with increased hydrophilicity and open channels with higher
humidities. This change in surface morphology is in agreement
with studies on vapor vs liquid effects, where interfacial

resistance effects are vanished or minimized in liquid
£ATARS, 501,548,545

water and at higher humidities as measured by

various means including diffusion and trans-
255,305,483,4%5, 467 457,508,549 BAS L

port,SORIIARLAATTAIEI065Y 50 d water uptake,”™ in situ X-

ray tomography,*®® Raman spectroscopy,”” MRI,"** and time-
resolved SAXS.""" In addition, Daly et al."™ supported this via
MD simulations showing more hydrophobic surface at the
membrane/vapor interface with a mass-transport resistance
comparable to that of Teflon, and higher than the bulk
resistance of the membrane (beneath its surface). There is
compelling evidence to suggest that that hydrophilicity of the
surface has a direct role in transport properties across the
surface including ion conductivity and water transport.”” "
For the latter, He et al. directly related the increased fractional
surface area for conduction (f,) to the mass-transport
coefficient with a simple power-law expression, k, o« f°°,
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Water Transport in Membrane and Interfacial Effects

Water
Content
A

s

- >
Membrane Thickness, L.

Mass-Transport Cosflicient

{04 )
0.03 ®
002
®
001 P
e ®. .7
b 05

Water activity: ay

Water Profiles in membrane measwed in-sifu via XRT

wendary constitions

1 4

04
Normalized Distance in Thickness Divection, L

l L
06 038 10

Figure 32. Hlustration various water profiles that can form in the
membrane depending on the boundary conditions and the associated
surface morphology controlling the interfacial resistance. As shown in
the inset, the mass-transport coefficient, k,, increases, and interfacial
resistance decreases, with increasing humidity™ and disappears in
liquid water, which impacts the water profile when one surface is
liquid-equilibrated. Shown below is the water profile across a
membrane under dry/liquid and vapor/liquid boundary conditions
measured using computed X-ray tomography (from Hwang et al.").
Interfacial mass-transport data are taken from ref 275

demonstrating the 1inka§g§ between resistance, surface
morphology, and humidity.”"

An effective way to illustrate the dominant transport
mechanism for steady-state water transport, and in which
membrane relaxation does not play a role, is through the Biot
number, which is the ratio of the characteristic time for bulk
diffusion of water, Tygon to that for mass transport through
the membrane surface, Ty opce

'=km—L——L2/D=M

Bi =
D L / km Tinterface

(44)
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Table 8. Studies on the Vapor/Liquid Interface, Interfacial
Resistance, and Mass-Transport of PFSA Membranes®

methad and mass-transport coeflicient, k.

ref analysis fem/s]
Okada et al™* model 1-9x107
Ge et al ™ steady-state sorption: 3.53 X 107° ¢,
permeability desorption: 142 X 107 ¢,
Ye et al*! steady-state ~p,
Satterfield et al'™  sorption 2.8 to 10.6 (50 to 250 um thick)
Kienitz et al.*¢ steady-state k, ~ 107,

He ot al ™™ conductive AFM  k,, & 107 X conductive area
(Pigure 24)

Kongkanand™’ sorption in thin  sorption: 2 X 107* desorption:
films 59 x 107

Zhao et al ™ permeability 12 = 3.8 X 107° (30 to 80 °C)

Adachi et al.*" permeability 45 x 107470 °C

Tabuchi et al”®  Raman 125 — 10 X 107* at 70 °C
spectroscopy

Monroe et al** permeability 0.63-0.75

“Temperature is 25 °C unless otherwise noted.

If, for example, water transport is limited by the interfacial
resistance at the membrane/vapor interface (k, — 0), then the
characteristic time constant for mass-transport becomes high
(Tisterface > Taittusion) Making the Biot number small (Bi <« 1). If,
on the other hand, interfacial resistance is negligible (k, > 1),
then Bi becomes large indicating diffusion limited. Note that,
with the other properties remaining constant, reducing the
thickness also decreases Bi thereby creating interface-limited
transport. In fact, for very thin films (L — O(nm)), transport
resistance is thought to be of interfacial origins (see sections 6
and 3.4). In fact, one can consider that some of the reported
diffusion coeflicients or rate-constants for PFSA thin-films
could be interpreted as, and correlated to, the interfacial mass-
transport coefficient. On the other hand, for Tagsion = Tinterface,
water transport is limited by the bulk diffusion and interfacial
effects are negligible. This often occurs in dynamic measure-
ments since the studies exhibit small diffusivities due to
additional sorption behavior and polymer relaxations (see
section 4.1.2), thus yielding large Bi. In general, the critical
value for Bi that determines which process dominates is around
10.

Finally, as noted above, one must be careful to ensure that
gas-phase boundary layers are accounted for and not
influencing the determination of the interfacial mass-transfer
coefficient. For example, Onishi et al.*” and Mittelstad™*
measured water-diffusivity under varying pressures to eliminate
boundary-layer effects. In particular, the discrepancy between
the steady-state and transient diffusivity values was shown to
disappear when measured in vacuum.”” However, this is not
unexpected since the nature of the interaction with the surface
is more hydrophilic due to the greater number of collisions of
water molecules and perhaps existence of a liquid-water film on
the surface. Thus, while one can minimize traditional gas-phase
boundary layers, the influence of the inert on the surface
structure plays a role.

4.1.6. Modeling and Membrane Water Profiles. Due to
the complex transport mechanisms with interfacial resistance
and concentration-dependent diffusivity, mathematical model-
ing has been used to predict the water profiles in PFSAs under
various conditions including in electrochemical applications.
Incorporating the various effects makes the model challenging
as it becomes highly nonlinear, especially if one is solving
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Table 9. Summary of the Water-Distribution Measurement Studies in the PFSA Literature Listed with the Technique Used, Its

Resolution and Environmental Conditions”

study Nafion technique
Hwang et al 2 N117 X-ray tomography
Morin et al. > N117 neutron scattering
Huguet et al.** N11s confocal Raman spectroscopy
Hara et al.*”’ N212
Peng et al® N212, Aquivion  Raman microspectroscopy
Zhang et al*** N1110 magnetic resonance imaging (MRI)
Ouriadoy et al™  N117
Tsushima et al. " N1110 EMRI®
Suzuki et al.** N1110 MRI
Albertini et N117 X-ray diffraction
Quan et al.” N117 neutron radiography
Hussey et al***  N1140, N117
Bellows et al>™* N117 (x4)
Hickner et al*™ NI112

spatial (um’)  temporal {seconds) T e RH (%)
ex situ 1.3 ~600 25 0—100"
in sita ~10 80 100
in sita ~7 ~900 25—50 25-100
in sita ~5 40—-110 0—-90
in situ ~7 ~3600 60—70 0—100
ex situ ~8 ~120 15—19 0—100
ex situ ~3 ~600 25 ~30%
in sita 50.8 ~3600 70 40-92
ex sita 250 25 0—80
in sita 8.6 75 RT 100
in sita 250 ~60 60, 80 100
in site’ ~15 ~60 80 0—100"
in sita ~40 80 6993
in st ~16.4 ~1200 40—80 100

“Adapted from ref 495 and updated. bVapor vs liquid conditions are also studied. “Size that each data point covers. Unless it is specified in the
original paper, the spatial resolution is calculated based on the sample thickness and the data points shown in the original papers unless it was
addressed. “Ambient humidity, ~30% is approximated. “EMRI: environmental magnetic resonance imaging. - fAlso studied transport in situ in fuel

cells.

water-uptake morphological models simultaneously (see
section 2.6). In addition to the steady—steady state resistance
models discussed earlier,””>*** #3954 pogrly all transient
models start with Fickian diffusion (eg 38), and either modify
the governing equation to account for water-uptake during
transport, or the boundary conditions to reflect better the mass-
transport effects at the sulface Such boundary conditions
include using mass- transport IS o vaporuatmn exchange
rate constant at the membrane/gas interface,” " additional
terms to represent the water transfer reaction in and out of the
water domains,"”® and mass-transfer coefficient at the
boundaries to analyze time-dependent swelling based on
water uptake,""**** reflection absorption spectroscopy
IR,*** and FTIR data.™ For example, the diffusion-reaction
model by Hallinan et al.*® incorporated additional first-order
concentration-dependent terms to account for water-uptake of
domains, which also participate in diffusion. This phenomenon
was also discussed by Kusoglu and Weber'” based on transient
SAXS observations that seem to be a key feature for separating
steady-state and dynamic diffusion as illustrated in Figave 29.
One way to express the various transport mechanisms
mathematically is to use a phenomenological multiple-term
relaxation model defined in eq 3% Even though additional
terms can easily be incorporated to include other processes
controlling the water transport, a two-term expression has been
shown to be sufficient to reproduce the time-dependent water-
uptake behavior of Nafion membranes,””**"**"*** which has
also been adopted in some works' "' #H79 indyding to
identify differences between sorption and desorption ki-
netics.”> "7

Beyond just understanding water transport, an important
reason modeling is used is to visualize the water profile inside
the typically relatively thin PFSA membrane (<100 pm).
Flucidating water profiles in the membrane for various
boundary conditions have been an integral part of transport
stadies and models, in most cases related to PEFCs modeling. i
In early modeling work, Springer et al.** calculated a nonlinear
water distribution due to a concentration-dependent diffusivity.
Later Buchi and co-workers measured the water content by
probing resistance via interlayered electrodes in between
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stacked Nafion membranes and modeled the 1D profile.™
Weber and Newman developed a mathematical model, which
accounted for the above-mentioned internal vapor/liquid
interfaces in the membrane including different transport
modes. Weber and Hickner®™ and Hussey et al*™ later
determined the membrane’s water profile using neutron
imaging and mathematically modeled it. It muast be noted
that these models also account for electroosmosis (which is
discussed in section 4.3.1) to predict water profiles under
operation; such simulations are commonly employed in
transport-property studies on PFSAs™*"® and reviewed else-
where.' %"

In situ determination of the internal water distribution in
PFSA membranes has been of interest (Table %), yet
challenging due to technique limitations, in particular low
spatial and temporal resolutions (~10 to 40 gm).”* Similarly,
despite neutron imaging’s potential for noninteracting and
nondestructive imaging, blurring effects limit exhaustive studies

506,551 564 .
CHOSEITSY In contrast, transmission-scatter-

on water behavior.
ing-based techniques provide information averaged over the
volume of the material along the beam path with better spatial
resolution (~1 um),”"** suffer from low water sensitivity
which makes it challenging to visualize the water profiles. The
range of the spatial resolution and water sensitivity of the other
techniques lie between the two. Details of previous studies on
the water-distribution measurement using various techniques
are listed in Table 9.

From neutron imaging, the membrane’s water content was
tfound to be dependent on the level of compreqsion in the fuel
cell (e.g, caused by clamping force™”), as well as on the
humidity, where it was found that only by matching the phase
in contact with the membrane could agreement between model
and experiments be reached in terms of water content.'”***%>%
Most of these in situ measurements, however, bring two
challenges: (i) the measured distribution is a result of the
convolution of water phenomena from diffusion- and/or
permeation-driven flow and also electro-osmotic and other
flows, and separating their contributions is difficult, and (ii) the
boundary conditions of the membrane are difficult to control
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et al.”™""™™ Paddison,””"" Tuckerman et al.,”" and Pintauro.””

since it is assembled with the electrochemical components such
as porous electrodes. )

Recently, Hwang et al.'” used computed X-ray micro-
tomography to examine water distributions within PFSA
ionomers with high spatial (~1 pm) and temporal (~10
min) resolutions under different surface concentrations. An
interesting observation shown in Figure 32 is that a membrane
that is equilibrated with liquid water on one side (4 = 22) and
with saturated vapor (4 = 14) on the other side exhibits a flat
profile at A = 22, which is probably due to a liquid film of water
tormed on the vapor side due to crossover of water. Such flat
profiles were observed by Morin et al. using scanning
SANS.?%%% However, when one vapor-saturated surface is
dried (4 = 2), the liquid interface cannot transport fully across
the membrane and thus a flat region exists within the
membrane. Figare 32 also clearly shows a complex and slower
evolution for the water profile with a gradient if a difference of
saturated vapor-to-dry vs liquid-to-dry is applied across the
membrane. Although in these cases the surface has the same
water activity, 4,, = 1, the existence of interfacial resistance for
the vapor case (but not for the liquid case) is clearly evident in
the water-content drop at the interface in the vapor case and
not the liquid one. Overall, more research into the water
profiles and associated modeling of the various transport
mechanisms will enable greater understanding of the underlying
processes that occur related to water transport in PFSAs.
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4.2, Proton Transport

The transport of water and ions is highly coupled. Transport of
ions in PFSA is not only dependent on water, but also governed
by the nature of water, its interaction with the SO;” sites, by
the side-chain (its length and hydrophilicity), as well as the
segmental motions of the polymer chains in terms of defining
the mesoscale transport network as shown in Figure 33, Thus,
proton conduction involves multiple sequential and interrelated
processes, starting with the dissociation of the proton and
formation of an ion-pair with water (or solvent) at the
molecular scale, water-mediated transport through the hydrated
domains at the nanoscale, and long-range mobility within the
water network at the mesoscale, where restrictions to transport
and tortuosity impact overall macroscopic conductivity. There-
fore, proton transport in PFSAs is linked to water behavior at
multiple length- and time scales, wherein correlations between
conductivity and water diffusivity could be established (as will
be discussed in section 4.4, Figure 28).

Owing its widespread use to its remarkable conductivity, ion
transport and conductivity of PFSA ionomers have been the
most widely investigated and measured property, spanning over
3 decades of work. In the ensuing discussions, conductivity will
refer to proton conductivity, unless otherwise noted. Other ions
and ionic forms are discussed in section 7.3, including
selectivity. Finally, it should be noted that the impact of
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440,576,377 4%,81,83,98,5

possible interfacial resistance on conductivity is inconclusive ance, ) retreatment and anneal-
due to the measurement techniques and decoupling with ing, 5 LT I 0% subzero temperatures,” IR,
contact resistances, %7377 compression,” "7 stretching,” #6335 and EW  effects and

4.2.1. Conductivity Values. The proton conductivity of PFSA ionomers,s": FSELSA such as 3M PESA,»*>"*% §§C
various PFSAs has been measured, discussed, and modeled in PFSAs, 5455573925 Nafion XL, Flemion, and Gore-Select
over 200 papers. It is commonly measured using electrical membrane.””” (Contamination and aging effects on con-
impedance, electrochemical cells, dielectric spectroscopy, or ductivity are discussed separately in szction 7.1.) From these
(indirectly) determined from self-diffusion (e.g, from 'H studies, it can be determined that the conductivity increases as
NMR, see section 4.1.3). As for the latter, however, the the EW is lowered, an effect that is more pronounced at higher
obtained value is vehicular conductivity and fails to represent hydration levels and temperatures consistent with the higher
conductivity if structural diffusion (i.e, hopping) is present (as water uptake of low EW PFSAs (see sections 2.2 and 3.3).
discussed in section 4.2.3). Ionic conductivity, x, can be As with the other transport properties, PFSA membrane
calculated by measuring the resistance, R, either in the plane or conductivity increases with hydration and temperature as
through the thickness summarized in Figore 34. The hydration and temperature

L dependence of conductivity can be expressed as

TR (49) (T, ¢,) = k(T)(&, = &) (46)
where L is the characteristic length through which the where ¢, is the water volume fraction, ¢, is the water-volume-
resistance is measured and A is the active area of the specimen. fraction percolation threshold (i.e, where an interconnected
Studies on Nafion conductivity include mvestlgatlons on, in network of conductive domains forms, see Figuwe 7), 1(T) is a
addition to hydration, thickness,”***™" interfacial resist- material parameter that can include temperature effects through
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Table 10. Summary of the Conductivity Expressions Based on Its Scaling with Volume Fraction of Water

scaling exponent, @ £y
1.38 131 0.030, 0.035 0.272, 0.259
1.95 0.060 0.125
1.5 0.100 0.160
0.88, 1.10 0.042,0.045
1.5 0.060
16,15 0.100
12 (2D) 0.450
15 (3D) 0.150
1.5 (upper bound, PB) 0.060 + 0.010
2.0 (lower bound, AsR)}
15 (high EW) 0.100 + 0.010 0.50
1.0 (low EW) 0.100 + 0.010 040

ref membrane

Edmondson et al.™* N117, Dow 800

Monrris and Sun®'® N117

Hsu et al ™ N117

Ochi et al. (NMR N117
Weber and Newman™" Nafion
Wodzki® N120, N427
Gierke et al.”* (Percolation theory) Nafion

fit to data in Figure 34 for Nafion N1lx, N2Ix

fit to data in Figuce 35 for PFSA Nafion, 3M, SSC

an Arrhenius expression (see section 4.7; see refs 2, 8, 54, §6,
58, 102, 134, 186, 287, 289, 290, 309, 312, 314, 504, and
$87—592) or under subzero conditions, and 1 is the critical
exponent that accounts for the morphological domain
connectivity and alignment. As shown in Table 10, n is
empirically determined to be between 1.0 and
1.95, #3300 HESE yhere the values are around 1.5, which
is expected for a 3-D isotropic system.”™ Also from Table 10,
the average percolation threshold is close to 0.10 and below
0.15, which is expected for a random and continuous system,
thus indicating some degree of preferential alignment. Such a
local orientation in a nano-morphology stems from the nature
of the hydrophilic domains and their connectivity as discussed
in section 3.1 and shown in Figore 21.

Since the conductivity does not follow a purely random
expression and there is some morphological orientation, it
could be expected that the conductivity is not entirely isotropic.
The anisotropy of conductivity has been well studied for
various types of PFSA membranes, measuring conductivity in
the plane, Ky, (four-probe) and through-plane, &pp, (cell
assembly ), 02O H0S 559,576,577 leferences between these
techniques were investigated by Cooper,” """ who reported
similar conductivities in two directions, with a ratio of kyp/kyp =
1.00 + 0.07 if the through-plane conductivity is corrected for
the cell resistance. Thompson et al.™ and Jiang et al**’
reported that the conductivity of Nafion is slightly higher in the
plane than in the thickness direction.”" Such anisotropy was
shown to be more pronounced in extruded and composite
membranes, where significant preferential orientation could be
induced at multiple length scales relevant to the ion-transport
mechanism. Furthermore, one can enhance this anisotropy
through mechanical means similar to the effect of stretchmg on
water self-diffusion.””***** For both stretching’” and
compression,”’ the conductivity tends to increase in the
direction of applied force, albeit at ditferent magmtudes, due to
chain and domain alignment. Kusoglu et al™” showed that
compression has minimal effect on conductivity up to 75% RH
after which increasing the applied pressure reduces conductivity
at high temperatures, but increases it at lower temperatures.
Although seemingly counterintuitive, this experiment demon-
strates the interplay between temperature (increases x, but
reduces 4, in vapor), hydration (increases k), and pressure
(increases k, but reduces 4 due to water loss) that all stem from
altered morphology (see section 3.1.5). In terms of interface,
the electronic resistance was found to be higher during
compression than during decompression, and this difference
becomes smaller as the compression pressure is increased. The
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resistance value levels off when the applied compression
pressure is higher than 2.5 MPa.**

In terms of conductivity values, it should be noted that
pretreatment alters the conductivity concomitant with the
change in water-uptake capacity (section 2.2), where annealing
or predrying tends to reduce a membrane’s uptake and
conductivity, and preboiling enhances these properties (see
Figure 34). 848457, 3038 However, as will be shown in the next
section, when plotted as a function of water content, 4, the
conductivity at a given A4 is still higher for a preboiled
membrane due to the induced morphological changes.

Finally, although the literature is rich with conductivity data
of Nafion 1100 EW (dominating over 95% of papers on the
topic), the impact of EW and chemistry on conductivity has
been overlooked. The liquid-water conductivity of PFSA
membranes are plotted in ¥Figure 35a based on the available
data in the literature. A universal trend in PFSA studies is the
increase in conductivity with lower EW, primarily due to an
increase in ion-exchange capacity, ie, charge carriers, as
witnessed with SSC,>%# ' Nafion,"** 3M PFSA,>""
and Flemion.””* Increasing IEC also permits more water
uptake, which improves percolation and therefore long-range
diffusion of ions. However, when comparing EWs of different
PFSA (side-chain) chemistries, one must be careful as it is the
backbone length and side-chain length/chemistry that change,
not just the number of SO;™. Despite the scatter in data, the
figure shows an unequivocal trend of higher conductivity with
lower-EW membranes. Since the water uptake is also expected
to change with EW (see section 2.1 and Figare 9), conductivity
is plotted as a function of water volume fraction of the
membrane, which exhibits a surprisingly strong correlation,
signifying the key role of water uptake and mesoscale network.

As shown in Figure 35, lower-EW PFSAs have greater ion
conductivity compared to that of Nafion membranes for the
same nominal water uptake. Since the d-spacing is smaller for
these lower-EW PFSAs compared to Nafion at a given water
content (Figarz 24a), this implies a better distribution of
sulfonic-acid groups and decreased ion-pathway tortuosity,
thereby explaining their improved ion conductivity.”™” In
addition, the improved backbone flexibility of the 3M ionomers
enhances the proton dissociation and mobility and thus leads to
higher conductivity.”>”""* This effect is shown in Figure 35b
and is in agreement with recent studies showing how EW,
nanostructure, and crystallinity affect the proton-conduction
mechanisms.”*"*” To describe these changes, one can correlate
the proton conductivity with the mobility of the carrier protons,

ury by
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Fignre 35. (a) Conductivity-EW relationship for various PFSA
membranes measured in liquid water at 25° (from refs 3, 6, 44, 48,
52, 5%, and 282) (c) Nafion, 3M and SSC PFSA conductivity in
humidified environment as a function water volume fraction. Data
marked (*) are from Kreuer et al.” and the others are from Kusoglu et
al.* Inset shows the same data as a function water content normalized
by transport length (see the text, eq 45) Lines are predicitons based on
various scaling exponents (eq 44). Data are shown for both as-received
{open symbols) and preboiled (filled symbols) membranes. (b)
Hlustration of two PFSA structures; SSC and LSC and backbone
representative of distinct trends in (c).

K, = zFCuy (47)
which, for HY, simplifies to &y = FCyuy, where the
concentration of protons can be approximated from that of
SO;” groups, which can be estimated from the EW and dry-

polymer density,
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A (48)

Thus, increasing EW tends to reduce the fractional proton
concentration and impact the conductivity. While this suggests
that EW impacts conductivity through water-uptake, this should
not rule out additional role chemical structure could play, which
will be examined next.

4.2.2. Structural Interactions. As seen in Figure 34 and eq
46—48, there is an interplay between the structure and the
conductivity that involves the water content. To examine this
interplay better, the conductivities of PFSAs membranes with
different chemical structures (i.e, Nafion, 3M, and SSC, see
Figure 2) are plotted as a function of water volume fraction
(Figure 35c). [While 4 has proven to be a useful parameter that
probes the local behavior of water, ¢,, is a better representation
of the network-level properties. The difference between the two
appears only when the side-chain and EW changes due to
changing molar volumes, and using both reveals insight into the
local vs network and mesoscale properties.] It follows from the
figure that while conductivity increases with hydration, there
appears to be two distinct trends: Higher-EW membranes all
fall on the same curve represented by x o (¢, — ¢ho)"*, similar
to that expected and predicted for Nafion (Tabie 10), whereas
the lower EW SSC and 3M PFSAs demonstrate an almost
linear dependence on hydration with x & (¢, — ¢)". An
exponent of n = 1 indicates locally flat transport pathways
discussed in section 3.2. A closer examination of the chemical
stractures reveal that, despite different EWs and side-chains of
SSC and 3M PFSA, what they have in common is the short
backbone (mqpg). The change in scaling exponent suggests a
strong change in morphology or at least transport pathways,
and it is not the hydration alone that determines the
conductivity, but also the polymer-chain structure and
conformation. This is in agreement with studies reporting the
effect of side-chain and segmental motions on conductivity as
discussed in section 4.4. This was in also in accord with recent
studies on transport,”* ¥ dielectric spectrosco P and
molecular modeling,”¥s5/5—7LT33MAOISIASSIAIN ooining
out the roles of backbone and side-chain conformation in
conductivity (see section 4.4) and the favorable impact of a
shorter backbone on better-dispersed domains. In particular,
the role of a shorter backbone (low EW) in enhancing proton
mobility at the same 4 has been identified recently””” and
attributed to the formation of more continuous water network,
wherein the associated bound water molecules could be
loosened due to the closely spaced sulfonate groups,™*” thereby
increasing the mobility by enhancing formation of water-
sulfonate bridges and stabilizing the hydrogen-bond net-
work SHEHHBIDISEASEEMIE 1y 3 ddition, more continuous
and better-connected hydrophilic domains have been revealed
in these modeling studies™ 05T

f (also see section 4.4.3).
The fact that conductivity of these lower-EW PESAs differ
more than their self-diffusion, as shown in Figure 3¢ and
supported by simulations,*”*** indicates a change in
conduction mechanism related to the proximity of ionic
groups. One must recognize that reducing the PFSA backbone
length, while advantageous for increasing the proximity of
SO, -terminated side-chains, could make it closer to Bjerrum
length of water (~0.70 nm at RT), increase the counterion
concentration, and affect the proton dissociation (ie., causing
Manning counterion condensation), which may offset some of
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the above-mentioned achievements. The distance between side-
chains of Nafion was shown via molecular modehng to be ~1
nm and increases to 1.5 nm with hydration.”" It must be
pointed out that lower-EW PFESAs possess shorter side-chains,
which also 1mpact proton dissociation™ 0 TETIITIAE g
transport, #0582 the effect of which manifests itself even
at lower hydration levels, where the proton transport relies on
the hydromum brldges between sulfonate sites and side-
chain S#A9#888497558 The  controversial nature of high
conductivity in short-backbone PFSAs in consideration of
counterion condensation could be resolved if one considers, in
light of aforementioned results, the more-flat continuous water
domains with less-tortuous interfacial area.

To explore the conductivity/structure relationship, the
conductivity data is correlated with a parameter that can
captare both the hydration and side-chain proximity (or
separation) effects™™*7

n(2)
5(5503)’

A= ’10
d,,(4)/d.:(EW)
(49)

hydrati
o yeraon and Kk

separation

which could be generalized as the ratio of a hydration function,
h(4), and structural-proximity function, s. In the above
expression, 4, is the water content in a reference state, which
can be interpreted another way to represent a percolation
threshold, and &, represents the barrier for ion transport. Due

to fluctuations and reorganization, and increase in J5q, with

hydration, for the lack of a better term, one can instead use the
PFSA d-spacing, d,, as it is a measurable quantity (see section
3.2). As can be seen from the Figare 35, the PFSA membranes’
ion conductivity scales linearly with the “hydration/separation”
parameter. In plotting the data, d,, is normalized by a d ., which
could be interpreted as a characteristic transport length, ie,
representing how long a proton could move at nanoscales
without a significant resistance along its path, reminiscent of a
persistence length in a polymer. [This was set to 1 nm based on
QENS data discussed in section 4.4.1, due to the lack of a better
value.] The resistance can therefore be interpreted as a
collection of structural defects that can hinder proton transport,
which is linked to the proximity of side-chains (which affects
local water behavior and confinement) at molecular levels and
to tortuosity, 7, at the mesoscale (interconnection of nano-
domains at a length scale on the order of 10 to 100 nm). The
fact that shorter-backbone PFSAs possess closely packed side-
chains can impact both of the above effects, thereby leading to
the observed lower scaling exponent (n = 1) as illustrated in
Figure 35b. Note that this approach of linking transport to
hydration and measurable structural parameters can be
considered a precursor to more advanced structure-based
models, where a realistic distribution of domains sizes and
connectivities could be employed to generate an accurate
representation of transport pathways in the membrane”™”****
(also see Table 4).

In terms of an overall morphology, a more continuous
transport pathway with less clustering such as a lamellar or
cylindrical one is preferred in an ionomer, which has been
supported by a MD models,*****" and also explored in ion-
conductive blockcopolymt,rs’) ~** and other sulfonated
ionomers,*****" \where one aims tor smaller transport
lengths and lower tortuosity.*"™*”%**" Factors such as
domain-alignment and side-chain chemistry and acidity play
key roles in modifying the structure/transport relation-

1034

ship.”***7**" PESAs other than Nafion exhibit the potential
to offer such a morphology with even better transport
properties, albeit at the cost of stability (as the shorter
backbone tends to reduce the crystallinity, see Figure 22).
Nevertheless, such negative effects could be minimized by
modification through side-chain chemistry. PFSA’s macroscopic
conductivity is therefore more dependent on the mesoscale or
network than on transport at the domain scale, especially at
lower hydration, investigation of which warrants further studies.

Since d-spacing scales linearly with 4, the above expression
somewhat represents water volume fraction although can
account for cases wherein d and 4 do not change equally.”**
For example, during membrane compression the conductivity
increases, since the loss of water due to the applied external
force is more than offset by the changes in terms of alignment
and overall d-spacing which increases conductivity (see section
31.5 and section 2.6).°" BEven though hydration enables
formation of a water-network for ion transport, it also increases
the separation distance between the ionic domains, thereby
establishing a higher barrier for ion-hopping and transport
among the ion-exchange sites, especially at low hydration. No
universal ionomer relationship is observed for the x—/ lines,
which do not overlap for different ionomers (see the inset of
Figure 35). Thus, the mechanisms underlying ion transport are
more accurately captured by the hydration-driven morpho-
logical changes rather than by hydration alone.

As noted, a PFSA exists in a quasi-equilibrium wherein long-
term relaxation occurs. Thus, even though one might expect
higher conductivity in a membrane that relaxes and absorbs
more water, such a trend has not been shown, at least not in a
systematic fashion. This is because ion transport depends on
not only water content but also morphological features, which
are expected to change, especially in the presence of long-term
backbone relaxation and associated changes in water-domain
connectivity, along with possible impact of aging-induced
changes (see section 7.1). All time-dependent conductivity
measurements demonstrated a decay with time.*”****?
addition, Casciola reported that conductivity decay is related to
the applied pressure during the measurements.”*® Moreover,
Liu et al.'** showed that both conductivity and stress in Nafion
membrane relaxes with time, albeit at different rates; stresses
relax faster than the proton conductivity. As such, the
interpretation of the measured time-dependent response is
rather intriguing as it is likely governed by a combination of
chemical (e.g, ion and water transport and interactions),
mechanical (e.g, compression and matrix relaxation effects),
and structural (phase-separation and hydrophilic domains)
factors.

4.2.3. Conduction Mechanisms. The current state of
understanding of proton conduction in PFSAs has evolved over
the years, thanks to many developments in the field evidenced
by advanced diagnostics and supported by simulation
studies. ™ *”! Proton transport can be explained in conjunction
with water (or solvent) uptake and related morphological
changes. Conductivity in a hydrated PFSA occurs via protonic
charge carriers. For proton conductivity, the key is the
formation of the hydrogen-bonded water net-

work! #1EHISISERE0E0 Gnd the nature of water, which
dlsplays amphotericity (i.e, acts as both a proton donor (as
hydronium) and proton acceptor). In addition, PFSAs owe
their remarkable proton conductivities to their acidity, the
determination of which, however, is not straightforward as
PFSA is not soluble in water (see its dispersion natare in
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section 3.1). Nevertheless, a low pK, value of —5.5 to —6 has
been assigned to PFSAs, owing to the strong electron-
withdrawing nature of its fluorine side-chains stabilizing the
negative charge, meaning that their protons could -easily
dissociate in water and become available to facilitate proton
transport, for example as hydronium ions (SO;H + H,0 —
SO, + H'(H,0)).75535H40% gy dies suggest that Nafion has
an acid strength higher than CH,;SO;H, and comparable to
CF,SO;H and even to concentrated H,SQ, solutions.”” It
must be noted then, in dry conditions, most of the protons
reside on SO;H sites, reducing their solvation and increasing
the pK, Thus, a PFSA’s acidity can be defined within its
hydrophilic nanodomains and is different than its surrounding
solution (i.e., dispersion). In fact, in dry form, Nafion is even
more acidic than solutions of H,S0,, in which H;O" are
solvated anlike in PFSAs, when their —SO;H-H,O (or —=SO;™
H;0") pairs are not solvated.”* This acidity also allows larger
complex ion formation (e.g,, Zundel and Eigen ions, see Figure
33d) A LAESTIOIECE o higher water contents, where more
solvation occurs (see saction 2.1). When a proton is separated
from the SO;” groups (SO;H' — SO, + HY), it is solvated by
water molecules, forming a hydronium ion, H;O". Addition of
more water molecules create a larger hydration shell ultimately
resulting in more complex protonic species such as Eigen or
Zundel ions (see Figare 33) FOARGRILNLASAS0LSTRE0IS0S ey
the increase in 4, hydrophilic nanodomains grow and eventually
become connected, thereby forming a percolated network (4 ~
2 to 3) as discussed in section 2.1. With increasing hydration,
proton conductivity increases because of higher proton
dissociation and mobility, and the evolution of the hydrogen-
bond network.

The nature of proton conduction is due to one of two
mechanisms: Grotthuss hopping (structural diffusion) and
vehicular (Figare 33). The former mechanism is attributed to a
sequence of proton-transfer reactions across an array of water
molecules. In the pioneering work of Agmon,™ it was
described how a series of bond breaking and forming steps
transfer protons across the hydrogen-bond network (see Figure
33d). 1T guch a coordinated transfer of the positive
charge through the hydrogen-bond network via (re)-
orientational motion of water molecules occur on a time
scale of 1.5 ps.”” This hopping requires a faster rotation and
reorientation of water molecules, which is possible in fully
hydrated conditions, and results in faster conduction since the
proton that enters the network is not the one that leaves and its
translational movement across the domain is not limiting
unlike in the vehicular mechanism, as explained in detail by
Kreuer and co-workers." 45755 1t i this water-mediated
increase in proton transport that imparts hydrated PFSA its
remarkable conductivity, especially compared to other cationic
forms (see transport discussion in section 7.3.1).

At low hydration and with an incomplete hydrogen-bond
network, the vehicular mechanism dominates and conductivity
occurs through a vehicular mechanism of the transport of the
solvated proton (Figare 33c). The key to understanding the
mechanisms is the competition between the proton’s solvation
energy and electrostatic interactions, where solvation energy
can be interpreted as proportional to the inverse of dielectric
constant (high & reduces solvation energy of grotons; see
sections 3.3 and 4.4). Pintauro and co-workers™ ™™ developed
a molecular-level equilibrium model which showed that the
balance between the electric field generated by the fixed anionic
sites, represented by the dielectric constant, &, and ion solvation
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free energy dictates the distribution of the cations (charges)
within a hydrophilic domain, with highly structured (ie,
bound) water concentrated in the vicinity of the interface
(“wall”). Far from the interface, however, & approaches the
value of bulk (ie, free) water. Kreuer, Paddison and co-
workers'®****!  demonstrated that the dielectric constant
(relative permittivity) and proton concentration, ¢y, of the
hydrated hydrophilic phase are strongly coupled and both are
reduced near the hydrophobic/hydrophilic interface, where the
interaction of the SO; groups with water also reduces the
dielectric constant (Figuare 33c). A reduced dielectric constant
near the interface then results in a relative stabilization of the
dissociated protons in the central region of the domain.
Therefore, the spatial distribution of the dielectric constant
within the hydrated domains is dependent on the size of the
hydrophilic domains (which changes with 4) and the separation
of the dissociated sulfonic-acid fanctional groups (Figure
33b).** At high degrees of hydration, the dielectric constant
becomes bulk-like in the center of the water domain
(~80). 5" H3ELIER0E guch trends can also rationalize the
observed trends with alcohols, where lower-dielectric solvents
reduce conductivity (k scales with 1/¢ also in alcohol
solutions®™) and other cations as discussed in sections 4.6
and 7.3, respectively.

The mechanism of conduction is perhaps temperature
dependent as well, which can be seen in the coupling with
electro-osmosis and the activation energy for conduction (see
sections 4.3.1 and 4.7, respectively). The more interesting
aspect is conduction under subzero condi-
tions,"»1O¥IBEASLISIN=SLLED 4o 4 brovides insight into the
mechanisms. Although water slows down and partially
crystallizes below freezing, there is still sufficient mobility to
promote transport of proton (and water,™ 7193155 g0
see section 2.5), albeit at a slower rate™” and thus the decrease
in conductivity as shown in Figure 34b,d. As Thompson et
al™ demonstrated, under freezing conditions the proton
distribution is expected to change and allow conduction in a
thin region next to the side chains that does not freeze unlike
the center of the water domain (Figure 14b). Thus, the free-
water content decreases but hopping can still occur for
conduction. Such studies demonstrate that the percolated
network connectivity is maintained even under these conditions
and protons can still transport.

In terms of EW, it is expected that the conductivity changes
not only due to structural reasons as mentioned above, but
perhaps due to mechanistic changes as well. For example, Giffin
et al.” showed that EW affects the hopping- and proton-
conduction mechanisms, which are accompanied by changes in
the crystallinity and conformation of the PTFE backbone. MD
simulations suggest that short(er) side-chain ionomers have
improved backbone flexibility, which enhances the proton
dissociation and leads to higher conductivity. """ Similarly,
due to the water network, the ratio of Grotthuss/vehicular
transport is expected to increase with lower EWs.**

Spectrosco ic“"l‘”’”z and computation-
aFHOTETTBEIASSACLITAT g dies collectively suggest that EW
affects the hopping- and proton-conduction mechanisms, which
are accompanied by changes in the crystallinity and
conformation of the PTFE backbone, indicating the critical
role of EW in facilitating proton transport and controlling the
structure/function relationship. Similarly, it has been shown
that SSC PFSA have shorter relaxation times, as measured by
NMR, than Nafion, especially, at low levels of hydration. Thus,
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the water motion is influenced by the acidity and mobility of
the sulfonic- aud groups around which water molecules are
coordinated.”™ Furthermore, the flexibility of shorter pendant
chains promote reorientation of the O-D bonds.” MD
simulations suggest that these short(er) side-chain ionomers
have improved backbone flexibility, which enhances the proton
dissociation and leads to higher conductivity, especially at lower
hydration levels. RN X: higher water contents, however, a
PFSA membrane’s conductivity is pretty much dominated by its
water-uptake capacity and mesoscale network.

The relationship between the water and ion transport is
commonly illustrated from comparison of self-diffusion, or
intradiffusion, of water, D, (determined from 'H NMR, see
section 4.1.3) and ionic diffusion/mobility, D,, determined
from the Nernst—Finstein relationship for protons in this

B
system

RT 1
’\__
F Ct

D,
(50)
where F is Faraday’s constant and ¢y is the proton
concentration. Although rigorously valid only for infinitely
dilute solutions, the above relationship is commonly employed
to compare water and ionic mobilities and to provide an
understanding on the role of water in ion transport (see Figure
38).°"* At low 4, both D, and D, are similar, yet they differ with
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Figure 36. Hydration dependence of diffusion coeflicient of water and
protons in Nafion membrane measured from NMR or D, as
determined from measured proton conduutlvxt) k (using the
Nernst—Einstein relationship, #eq 47).°>™ /70244505556 A filed and
open symbol of the same type refer to Dy and D,, respectively,
taken from the same study. The inset plots these values against each
other showing their correlation.

increasing 4, where D, becomes higher than D, which has been
traditionally attributed to the distinct proton-transport
mechanisms in the hydrated membrane as described above
(Figore 33b). A decrease in dissociation of SO;H groups and
associated dielectric screening leads to a stronger exclusion of
protons from the transport in the water domains and the excess
protons tend to be more localized in the vicinity of the sulfonic-
acid functional groups (see Figurz 33c), which leads to a higher
reduction in D, compared to D,,. *** Therefore, proton mobility
at intermediate and low degrees of hydration is essentially
vehicular in nature. The higher values of ionic mobility
compared to water mobility at high water contents, D, > D,
indicates that hopping mechanism is more domi-
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16,53,56,95,191, 244, 502,536,504
nant. " LI yverall, a striking result of Figure

36 is that the ratio D,/D, = 2 is constant, especially at hlgh
hydrations, but is closer to 1, at lower hydration levels. This
underscores the fact that ion and water transport are related
through the chemical structure. Recently, Kreuer™"* showed
that the ratio D,/D,, what he called an amplification factor, is
2.5 in hydrated Nafion, and decreases with increasing
temperatare (probably due to the different activation energies
enhancing the vehicular mechanism) and lower water contents.
For the latter, values of less than 1 were measured, indicative of
negligible stractural diffusion.

4.3, Cross-Correlation Phenomena

As noted from Table ¢, different driving forces can cause
changes in the off-diagonal components, thereby demonstrating
a coupling of the transport phenomena. Such cross-correlation
phenomena are expected in the concentrated and dynamic
environments that PFSAs represent, and are naturally
accounted for using a concentrated-solution theory framework.
The prototypical case for this is electro-osmosis. However,
other effects including thermo-osmosis, thermo-electric effect,
etc. have been observed and will be mentioned in more detail in
this section. Before proceeding, one cross-correlation that has
been reported in only a single article is that of the Seebeck
effect, where the temperature gradient induced a potential with
a Seebeck coeflicient of 0.76 mV K™, which was measured
between platinum and Nafion.”"!

4.3.1. Electro-osmosis. Electro-osmosis relates the move-
ment of the solvent (water) due to the electric field. It is the
inverse of the streaming current. In a rigorous sense, the
electro-osmotic coeflicient, sometimes termed the -electro-
osmotic drag coeflicient, is the transport number of water in the
membrane

m
LNy e
° h z z

+ Ac,=0 w + (51)

where it is assumed that the proton flux carries all of the ionic
charge, i.e, 17 = 1, and £/z,, is the transport number of water
(see sectionm 7.3 for other cases). The electro-osmotic
coefficient is a measure of the number of water molecules
that are carried with each proton, by its solvation shell, in the
absence of a concentration gradient. This last aspect is critical
since many measurements induce concentration gradients
either without knowing (e.g., due to membrane swelling) or
on purpose (e.g, in an operating cell) and use the terminology
electro-osmotic coeflicient; in either case, the value reported is
a net electro-osmotic coefficient. This highlights the need to be
careful when measuring this coefficient. For example, Cheah et
al. showed that the effective (net) coefficient decreases
compared to the intrinsic one due to interfacial effects.™®
Electro-osmosis has been one of the more controversial
issues in PFSA studies, in part due to the complex nature of
coupled ion/water transport, and also due to the difficulty in
measuring it as mentioned above. A number of techniques have
been adopted, mdudmg electr]c field measurements e
streaming potentials, """ electrochemical cells™
mcludmg fuel-cell setups,®”"**"%*" and electrophoretic
NMR™ m various aqueous solutions and in vapor (also see
reference” for a discussion and comparison of methods) Since
the early studies by Zawodzinski and co-workers™ ™ and
Fuller and Newman,”™ some consensus has been reached with
values of 0.9 to 1.4 in vapor (4 < 14) and 2.5 to 2.9 in liquid
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water (4 > 20) as shown in Figure 37. In general, there appears
to be an average monotonic increase in the electro-osmotic
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coefficient with increasing 4, although various dependences, or
lack thereof, could be suggested when investigated on a case by
case basis. Temperature also increases the electro-osmotic
coefficient up to a value of S in liquid water (Figare
37h) 9951 13269505, 610615617

Electro-osmosis is integrally related to the water/proton
dynamics and transport mechanisms as described in sections
4.2 and 4.4, where there exists a strong correlation between
electro-osmosis and proton hopping (see Figure 33).%F
However, the true correlation between the two is an inverse
one in that, in a strict sense, an electroosmotic coefficient of
zero should occur for pure hopping mechanism.“” However,
some recently measured coeflicients have demonstrated values
less than one.®"” As soon as a water molecule also moves with a
proton, ie. vehicular mechanism, the coefficient should be one
assuming a hydronium jon (H;O") is the transporting species.
At higher temperature and higher water contents, the increase
in the electro-osmotic coefficient is commonly attributed to the
presence of ions larger than H;0" (such as Eigen or
Zundel),” ¥ and increased hydrodynamic flow with
hydration and/or temperature. (Also see section 3.3). Such
issues are also compounded by the analysis of the mesoscale
network, wherein the tortuosity and interdomain transport can
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impact measured values.”"” One should note that the coefficient
cannot exceed A (ie, 0 < & < 4).79%0

The above mechanism is in agreement with ab initio
calculations that suggested the coefficient value to be 1 and
constant in vapor, due to coupling between the water and ion
transport processes. They also suggested that more water
increases hopping, which reduces the electro-osmotic coef-
ficient.”** Finally, Ise et al.** proposed the following modified
hydrodynamic model where the electro-osmotic coefficient is
related to the hydrodynamic rate for hydrated proton, I'y 4.
and rate for proton transfer, I, and 4y o is the water

molecules hydrating and associated with protons (e.g,
hydronium ions).

hydro Uy ,0

£
&=
thdro + I_::

ransfer

'%H3O + (- )°H3o)
V4 (52)

where Ty vy, is the drift velocity for protons and mean

velocity for water. At lower temperatures, more of the H'
transfer processes occur without contributing to the water flux,
and the hydration effect is due to increased hydrodynamic
pumping.

As for other PFSAs, studies by Kreuer” and Ren and
Gottesfeld®” showed that the electro-osmotic coefficient
decreases for a lower EW or SSC PFSA. While the former
(EW) effect could be associated with higher concentration of
ionic sites, the latter (side-chain) effect is thought to be related
to lower spacing between the domains resulting in smaller bulk-
like domains where water transport is inhibited compared to
proton transport, thus the increase in the coefficient.

4.3.2. Thermo-osmosis. Another interesting, but rather
less explored, transport phenomena is thermal-osmosis, ie,
water flux due to a temperature gradient in the absence of other
gradients™ "%

N, = =D, VT with D, = (5, = 5,)D7o (53)
where Dy is the thermo-osmotic coefficient and can be
expressed as the difference between the partial molar entropy of
water in and external to the membrane, and Dfy = L,/ v, is
related to the hydraulic permeability of the water and its partial
molar volume (see ¢q 41).°"" Kim and Mench®” investigated
this phenomenon using Nafion, Flemion, and Gore-Select
membrane, and showed that the thermo-osmotic coeflicient
exhibits an Arrhenius-type temperatare dependence, with
values in the range of Dio(T) = (=) 1 to 1.5 X 107°
exp(—2300 =+ 100/T) kg/mst. The water flux increased
with lower EWs and thinner membranes, due to a higher
temperatare gradient. Villaluenga et al. reported that the
thermo-osmotic coefficient for water is lower than that for
methanol (0.7 vs 1.4 X 1075 kg/m?sK), which can be attributed
to the solvent uptake capacity of the membrane and solvent
mobility at that temperature as discussed in section 4.6
Thermo-osmosis is distinct from other transport mechanisms
discussed earlier in that it cannot be easily represented by a
chemical-potential driving force; it is rather the entropy of
water that governs the transport of water under a temperature
gradient, which becomes complicated since one cannot define a
partial molar entropy of a single ion. A rigorous treatment of
the chemical potential of water using a reference of the triple
point may be able to incorporate thermo-osmosis into the
chemical potential changes,>”*** although this needs to be
proven. Finally, it should be noted that thermo-osmosis is
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Figure 38. Nature of proton in hydrated PFSA: (from left to right), fraction of protons occupying various molecular configurations based on AIMD

{Devanathan et al.‘“"’_), ; two types of protons, fast and slow, in the membrane as a function of hydration obtained from the water dynamics probed by
QENS (Perrin et al.”**) and fraction of slow protons from these QENS studies (refs 234 and 233).

typically only witnessed with PFSAs that are sandwiched
between electrodes, thereby imsinuating that swelling, surface
tension, local ionic fields, and concentration effects may exist
and impact the results; more research is required to delineate
and study this phenomenom.

4.4, Nanoscale Correlations

In the last sections, the various transport properties have been
reviewed and discussed; in this section, we examine some of the
possible relationships between transport and structural features,
especially at the nanoscale. The complex nature structure-
transport interplay in PFSAs has also stimulated investigations
on various aspects of transport-property correlations, including,
but not limited to, diffusion/relaxation,**** self-diffusion/
conductivity (i.e, ion and water transport, see section
£72.3),bSIES DL 268,505603,020 giucion free-volume  ef-
fects,” diffusion/nanostructure (e.g, nanoswelling
of domains),'” %274 diffusion/interfacial effects (e.g,
conductive AFM, see section 4,‘5,,5),3:”’6’275’4%’487 diffusion/
permeability,”"  permeation/electro-osmosis,”** coupling of
stretching and (anisotropic) self-diffusion/conductivity (sextion
315 and 4.2.2),770055 ehycture/conductivity  under
compression”>” and tension,”" chain dynamics and transport
(e.g, dielectric spectroscopy™™ ™" ****} as well as structure/
water dynamics (e.g., QENS or water relaxa-
tion).HAFHIZHRESIET A seen above, such phenomena
couplings are pervasive in PFSAs and are discussed throughout
this review; in this section, we focus on those that are mainly
derived from or use transport-related diagnostics and analyses.

4.4.1. Nanoscale Proton Transport. Stemming from the
need for unraveling the complex interplay between structure
and transport mechanisms, advanced diagnostic techniques
have also been employed. One such technique is quasi-elastic
neutron scatteting (QENS), a powerful tool capable of
simultaneously probing the time scale (through frequency
space) and length scale (through q-space, as discussed in
section 3.1) and thus allowing study of dynamic correla-
tions.”>****** When energy is exchanged between molecules
and neutrons, they either accelerate or slow down while
scattering, which results in a weak (quasi-elastic) energy
transfer as a function of momentum transfer, related to the
molecular motions.'” Thus, from the broadening of the quasi-
elastic scattering (I(q)) one can obtain information on moving
scattering particles, which, for the case of PFSA, are H'
molecules that characterize the self-motion of pro-
tons, WPHHBAEEE OENS s in particular well-suited for
PFSA, due to larger incoherence neutron scattering cross-
section of 'H allows observation of self-correlated motion of

¥7,510,821,6272

1038

hydrogen (diffusion), from A to nm length scales at picosecond
resolution. Therefore, QENS combines the features of NMR
(ms, pm) and XS/NS, ie., by inferring not only the
nanostructural features of hydrophilic domains, but also the
molecular motion of water therein, as discussed in a series of in-
depth investigations by CEA group, ™ ****

Volino et al.®* demonstrated the potential of QENS for
capturing the fast water motions in Nafion membranes. The
key finding was that the water molecules could move as fast as
in bulk water in a restricted volume of 1 nm size, but their
longer-range motions are much slower. In a later QENS study,
Pivovar and Pivovar’* explored the dynamic behavior of water
in Nafion and determined that the residence time for water
molecules decreased with hydration, thereby indicating faster
diffusion, albeit in two different regimes: (i) one was attribated
to confinement residence time, i.e., time between successive
jump motions within a sphere (10—4 ps, for g > 0.7 A™"), and
(ii) a longer residence time (25—10 ps for g < 0.7 A™")
corresponding to diffusion confined in a sphere. The radius of
this dynamic sphere was shown to increase with hydration up
to A = 7 and then saturates slowly indicating that additional
(free) water molecules do not experience the same confinement
(Pigere 38). Based on this data, they calculated two types of
diffusion: confined, local, diffusion Dj,.; and a faster jump
diffusion, Dy, The ratio Dj,,/Djocy decreases to a constant
value of 2 after 4 > 5. In a more recent study, Perrin et al.***
reported similar observations, but with different interpretation
of diffusion mechanisms: a local diffusion (inside a sphere) D,
and a slower long-range diffusion, Dy, where the ratio D,/D;,
also becomes constant at higher hydration levels.

Even though interpretations of QENS data changes depend-
ing on the analysis and models adopted, the qualitative trends
are the same (Figure 38). [Due to some discrepancies in values
and interpretation among studies herein, the terminology used
by the authors was adopted as is.] As the number of water
molecules (1) in the membrane increases, the additional water
molecules move faster, and their residence time decreases,
hence diffusion increases. ™ **¥**”**¢ Another similar finding is
the existence of a 3H" species in the dry state (which can be
correlated with a nondiffusing hydronium ion, H;0") that does
not exchange and participate in transport, regardless of 4 (see
Figure 38). This is in agreement with the fact that three bonds
in the first solvation shell of H;O" cannot participate in proton
transfer in water,” which was observed for PFSAs %" V737
These interpretations agree with MD models and uptake
studies wherein there are two characteristic regimes: initial
water molecules form a hydration shell around SO, sites with
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additional water molecules behaving more bulk-like far from
the polymer—water interface with less restricted motion (see
section 4.4.3 and Figure 38). The transition between the two
regimes, occurring around A = 5 to 7, happens to be the
transition in dynamic behavior of water as well (see Figure 7,
Figorz 28). Thus, a general finding is that with hydration, the
characteristic sizes increase and the characteristic times
decrease, both approaching asymptotic values at higher water
contents. In addition, water dynamics studied at subzero
temperatures revealed that proton jump diffusion in PFSA is
lower than that in bulk water at 25 °C but decays slower during
cooling and becomes higher once temperature goes below —13
°C owing to the stable H-bond network in confined acidic
environment.*”” Recently, Page et al. studied the polymer-chain
dynamics, which was found to increase with temperature and
water content, although the latter reaches a plateau after 4 = 6,
similar to the local dynamic behavior of water.””” These studies
collectively indicates a coupling between the dynamics of water
and the polymer chains through the side-chains.

Berrod et al."* examined the structure-transport interplay in
PFSAs by means of surfactants to create hydration-dependent
mesoporous phases and investigate their dynamic behavior via
NMR and QENS. In the low g-range, the water residence time,
Tresidences Was around 30 ps and hydration independent, while a
hydration dependent residence time was observed of 7, gnce =
15 to 3 ps, with increasing 4 (in accord with previous findings
discussed above). The 7, g for water also decreases with
increasing confinement size of the water domains, and reach a
constant value for sizes over 1 nm, approaching bulk-water
values.*”” Below 1 nm, water domains are confined, and their
behavior is governed by the size and local environment; after 1
nm, is like an assembly of hydrophobic obstacles that limit
long-range transport only, reminiscent of tortuosity. Since the
Tresidence 18 related to the proton hopping and H-bonding
reorientation (rotational motions), such findings reveal insight
into the conduction mechanisms occurring at molecular level
within the nanodomains.

4.4.2. Nanostructure/Conduction Interplay. When it
comes to the structure-conduction interplay, one must
recognize that various time- and length scales exist in the
PFESAs influencing the transport mechanisms. As discussed in
refs 429 and 504, one probes smaller length and time scales
going from conductivity (x) to NMR (D) and to QENS (local
diffusion). While the former techniques characterize the
microscopic transport within millisecond (ms), the latter
provides information into transport in confined (nm) spaces
with picosecond (ps) resolution. Thus, the differences in
transport properties measured via these techniques elucidates
the underlying mechanisms of the structure-transport interplay,
but also resolves some of the differences in the measured
diffusion coefficients, as highlighted in Figure 28. For example,
Berrod et al.**" reported that, upon hydration, local diffusion
(from QENS) increased by a factor of 2, while the residence
time decreased by a factor of 7. In contrast, self-diffusion (D’)
changes by more than an order-of-magnitude. Such changes are
in accord with the analysis by Kreuer et al,™* who articulated
that the molecular-level environment (<1 nm) of PFSA is more
of an acidic-solution-like, while the microscopic length scale
depends on the mesoscale network as discussed in section 3.1
(also see Figuve 28). Therefore, it is critical to understand water
transport across the length scales and changes, with higher
length scales causing more morphological restrictions to
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transport arising from the morphology, grain boundaries, and
mesoscale domain connectivities (see sections 3.1 and 3.2).

The transport of water and protons is correlated as well to
structural variations within the polymer. An effective tool to
characterize and probe these interactions is dielectric spectros-
copy, ¥ 1B HTAIBIASTESIIE0N (hi o enables the investiga-
tion of polarization and dielectric strengths as well as the
temperature-dependence of ion transport and associated
relaxation mechanisms over a range of frequen-
HESBIELUAE 1 dielectric spectroscopy, the measured
complex permittivity is the superposition of all of the
phenomena, such as polarization and dielectric relaxation
events, characterizing the electrical response of a materi-
al 7#32ISST The dielectric constant (relative permittivity) is
also related to chemical polarity (as discussed in section 2.6)
and water uptake. The stronger the confinement of water in
hydrotpl}ilic “domains/channel, the lower the dielectric con-
stant.'** 7" Thys, the dielectric constant of PFSAs increases
with both water uptake, 2, and frequency (Figure 33¢).”""

In an early study, Paddison et al®” reported, using the
dielectric spectroscopy in GHz range (0.045 to 30 GHz), that
the dielectric constant increases with increasing water content
and decreases with increasing frequency, much like the behavior
of water. Conductivities extracted below 5 GHz are in
agreement with other conductivity measurements. Interestingly,
when compared to PTFE, dry Nafion exhibit comparable
dielectric constant but much stronger loss, due to presence of
side-chains possibly with a residual water molecale. While GHz
relaxations are observed for bulk-like properties of free water,” ™
lower frequencies are associated with the restricted motion of
water molecules in confined spaces, such as the bound water at
lower A. In the bulk-like regime, (free) water molecules have
more rotational freedom, which increases polarization (or
polarizability). Thus, shifts to higher relaxation frequencies
indicate faster movement of water molecules, which happens as
2 increases.”" T8 Brequency shifts to higher values also
occurs with increasing temperatare, in which increased chain
dynamics also play a role.””"*>"***** The dielectric loss peak,
tan &, is related to interfacial polarization between hydrophilic
and hydrophobic phases in the polymer, where short-range ion
migration occurs. The loss peak shifts to higher frequency with
increasing water content due to faster polarization at the
interfaces.

Using broadband dielectric spectroscopy (BES), Di Noto
and co-workers have investigated the nature of transport
mechanisms and various relaxation events in PFSAs of various
EWs. " ***3¢ The overall long-range conductivity was shown to
have three components: electrode polarization (xgp) and two
interfacial (kp and k) polarizations, representing the proton

cies.

exchange within the hydrophilic domains, and proton migration
along the hydrophilic/hydrophobic interfaces, respectively.
These values also change a few orders of magnitude from dry
or (subzero temperatures) to wet and high temperatures,
controlling the long-range total conductivity; formation of a
water-network with interfaces upon hydration activates
interfacial polarizations. The total conductivity can be expressed
and simplified as’

K = Kgp + Kpp + Kp R Kgp (54)
which implies that it is the proton exchange between
hydrophilic domains that limits the proton conduction.
Similarly, for lower EW membranes, the contribution from
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Kp becomes more pronounced due to the larger fraction of
jonic groups (and side-chains) creating new interfaces, thereby
reducing the hopping distance for protons.” On the other hand,
larger, but less interconnected, domains in high EW
membranes facilitate proton transport mainly via migration
through the percolated channels (e.g, bridging sites)
connecting the domains. These findings are also in good
agreement with picture emerged in section 4.2.2, where the
reduced interdomain distance with continuous transport
pathways enhances conductivity in low-EW PFSA (Figuse
35). BES has also been shown to be valuable for analyzing
composite membranes with secondary particles (see section
7.2) due to its ability to identify the interfaces between the
polymer and hydrophilic domains and their role in facilitating
transport,” 77 A0

Dielectric relaxation behavior of PFSA also reveals the
thermal transitions (e.g, a, f§) in the membrane, 13 55115258
similar to those obtained by DMA (see section 5.4) and other
techniques.” "' *%%** Thig highlights the existence of
interrelated relaxation mechanisms for polymer chains and
ionic associations (see section 3.3). While the former is related
to the segmental motion of polymer chains (including the
actual glass transition of the fluorocarbon backbone), the latter
is governed by the time that an ion pair resides in an aggregate
before hopping to another site. This ion-hopping transition has
been attributed to the cluster transition, or ¢ transition, but not
the glass transition' """ (see section $.4 for further
discussion). A manifestation of this phenomenon was realized
during annealing of a PFSA, which was found to increase the a-
and f-relaxation times from BES by Iowermg then frequency
due to desorption and diminished free volume.”"* Nevertheless,
annealing, while reducing network connectivity, increases
conductivity via hopping between the SO;H groups along the
interface.’"

Another technique to probe these interactions is FT-IR,
which can be used to explore the nanoscale relationships as it
can quantitatively measure the molecular interactions between
the solvents and polymer through shifts in the infrared spectra
obtained across wavelengths or vibrational bond energies.'****
A key fingerprint of IR Spectra of PFSA is that with hydration,
the band ascribed to stretching vibrational modes of the
nondissociated ~SO;H groups disappears, while that of ~SO;~
band gradually increases and shifts to lower frequencies,
indicative of proton dissociation,'V*2H2HOTAITHABL IR 386,625
This hydration effects are associated with reduced interactions
between —SO,~ and H,O", and accompanied by increasing H-
bonding, which raises — OH bendlng frequency but lowers —
OH stretching frequency.”******"#3735834825 Thyg  spectro-
scopic techniques have been proven to be powerful to
distinguish the structured (H;0") and free water (H,0), due
to their distinct vibration modes that changes with hydration
levels.******¥7%%% While water becomes increasingly bulk-like
in a fully hydrated PFSA, it is still less strongly H-bonded than
in aqueous water solutions.”**" Such changes in behavior of
water spectra (e.g., S—O and —OH stretchlng bands) have also
been studied as a function of hydration to examine the diffusion
THIESET (see section 4.1). In addition, since early

FE3:

mechanisms”’
studies demonstrating the changes in bands associated with the
polymer (e.g., CF, and C—~O—C) during hydration indicative of
side-chain contribution,"**"***** the role of polymer—water
interface and side-chains have been studied to examine the
substructures in various PFSAs*'"*7 7 In fact, these
structure—transport correlations have been further exploited to
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mvestlgate the dynamics of backbone motions and ion
*** and the impact of side-chain chemis-
" (also see section 3.3.1). Moreover, Hallinan and
Elabd demonstrated that FTIR can be used to probe water
diffusion (O—H band) accompanied by polymer chain
relaxation (C—F band).””®****¢ Conductivity was also
shown to be correlated well with the O—H bending band,
revealing the key roIL H™-dissociation, which occurs even at low
hydration levels,”***"® and subsequent H-bonding plays in
proton transport.”

4.4.3. Molecular Dynamic Models. Molecular dynamics
(MD) simulations can possibly provide guidance into the
morphology/transport interplay at the nanoscale, especially
with the complex proton conduction. Since the mid-1990s, an
increasing number of MD simulations have been conducted,
concurrent with the ever increasing experimental investigations
on transport and morphology of PFSAs. It should be noted that
interest in modeling of proton transport predates these studies,
such as the work of Tuckerman et al,*** who showed the key
role fluctuations of hydronium and Eigen and Zundel ions play
in transferring a proton in liquid water. Thanks to advances in
modeling techniques and computational power, simulation
studies of PFSAs have increased significantly, as well as their
contribution to the current understanding of PFSAs (for further
information see the reviews and discussions by Kreuer,"
Paddison,”™ Elliott and Paddison,”* and Voth® . Early studies
by Paddison and co-workers explored the nature of the side-
chain and its role i in proton dissociation at minimum and higher
hydration levels.™ These studies also allowed the calculation
of properties in a water-filled pore domain, which revealed a
bulk-like structure in the center where transport is facilitated by
proton hopping, whereas, at the polymer/water interface
(within <1 nm of pore wall), transport is vehicular in
nature.” ¥ Such changes are driven by the dielectric
properties within the pore, where the permittivity of water at
the center varies from 70% to 100% of bulk value (& = 80) with
increasing water content.” Consequently, diffusion and
mobility of water and ions is faster in the center of the domain
and increases with 4. IS &g summarized by Kreuer
and Paddison,"®™"® these studies also demonstrated that the
dissociated state is a result of the excess positive change being
stabilized in the H-bonding network of water, and the excess
electron density (due to breaking of the SO;—H bond) is
delocalized by the neighboring chemical group. H-bonding
between the SO, groups are favored, which creates a
continuous water network (within the first hydration shell)
even at minimal hydration where partial dissociation of protons
starts with A values as low as 3.

A number of studies confirmed that a minimum hydrated
state of 4 = 3 is necessary for protons to dissociate.””” " #*'" In
such a low hydration state, water molecules occupy the first
hydration shell and have exceptionally high residence time
(almost 1 ns, in line with QENS), restricting their mobility (low
diffusion).”>*** With increasing hydration, SO;~ groups move
apart (which results in an increase in cluster spacing), and the
residence time of water molecules decrease by 1 order of
magnitude (~50 ps), accompanied by reduced relaxation time,
which improves their mobility and diffusion,” "¢ ##1455334

Hence, another critical water content appears to be around 4
= 7, below which most hydronium ions remain within the first
hydration shell around the SO; sites.” " ##57H043545% ot
surprisingly, this region of higher mobility coincides with the
transition from bound water to free water in the sorption

319,378

DOL 1002 acs.chemev 620015
Chem. Rev. 2017, 117, 987— 1104

ED_004850_00000362-00054



Chemical Reviews

isotherm (see section 2.5 and Figure 7). At higher levels of
hydration, 4 > 7, water accumulates beyond the first hydration
shell where it is more mobile, for it is less atfected by the strong
water-sulfonate electrostatic interactions. In this state, the
separation between the SO;” and H;0O" increases and their
interactions are mediated by water (which pulls H;O" away
from SO;7), which increases the mobility of
H,0" V7 19,357,446,447,152,43 In this state (1 > 6 to 7), water
molecules rotational mobility also increases, Whlch facilitates
stractural diffusion (ie, proton hopping). 192374464745
Hydrogen bonding is the most fundamental feature of the
proton transport in PFSAs, and therefore its understanding is
an integral aspect of structure-transport interplay in them.
Paddison and Elliott summed ap the essential ingredients of
proton transport as complexity, connectivity, and coopera-
tivity.””> Complexity of proton conduction encompasses the
mechanism discussed above, dissociation of H' (from the acidic
site), transfer (to the water molecules), separation of the
hydrated proton (H;O") from the conjugate base (SO;7) and
its diffusion in confined water. Proton transfer also requires a
cooperative hopping diffusion process with transition between
Zundel and Eigen-like moieties (or configura-
tions ), “*HHII0ILT ST AT At this point, it is also
worth differentiating the direction of hopping, as it could be
forward (constructive) or backward (nonconstractive, i.e.
coming back to the oxygen site of the original water
molecule). " ***** The net proton hopping is controlled by
the electrostatic interactions between excess protons and SO;~
groups, dominant within the first solvation shell (low 1) and
the repulsion with other protons, resulting in greater
occurrence of forward hopping.™

As discussed in studies by Voth and co-workers,”*"
since the hydrated proton is a dynamical electronic charge
defect transferring through multiple water molecules, the
simulation method must account for dynamically readjustable
chemical bonding topology.*” While AIMD could capture such
processes, where, the electronic degrees of freedom are treated
explicitly, it is computationally expensive. Another method that
can capture the reactive nature of chemical process is reactive
multistate MD, which uses a combination of multiple bmdm%
topologies to describe the chemically reactive system.” ">
These studies indicated that the most likely structure in the
hydrated state are Eigen-type complexes, in which a proton
charge defect resonates between three possible distorted states
of the complex until a successtul hopping occurs. An interesting
finding in these studies is the anti/negative-correlation between
hopping and vehicular diffusion, in that their sum is less than
the total proton diffusion calculated.””**

The molecular modeling techniques, which were initially
performed for Nafion, have been systematically extended to
other PFSA ionomers over the years, in order to investigate the
effect of EW and side-chain (1ength/ chemistry) mcludlng SSC/
Dow, 8208,86,69,70,72,73 349,472y cio1o0 47T 3y
PFSAH” TTERAIAES and Hyflon.™ Most of these studies
agree on the critical role the side-chain plays in facilitating
proton conduction, where shorter pendant chains result in
better proton conduction due to the water molecular
rearrangement and hydrophilic domain connectivity. In
particular, charge delocalization and dynamic chemical bonding
governs the solvation and transport of protons. Side-chain
connectivity through H-bonding impacts dissociation and
transfer of protons and associated diffusion of water and
hydronium ions, and how they transform from dry to hydrated

5357455459
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conditions (from vehicular to hopping in na-
ture:)."sz"ﬁsﬁ0’71’73’3’43":}“37’472 For instance, with hydration, side-
chains also relax and deform with changes in their
conformation, from gauche to trans, which was shown to be
impacted by EW."** In an MD study of 3M PFSAs, Clark and
Paddison showed for ultralow EW (<600 g/mol), where
proximity of SO;~ groups are reduced, the proton dissociation
starts as low as A = 1, and resistance to deprotonation was
reduced owmg to more stable, Lontmuous H-bond net-
work.***% 1n 4 recent study, Giffin et al.* showed that EW
affects the hopping- and proton-conduction mechanisms, which
are accompanied by changes in the crystallinity and
conformation of the PTFE backbone. The MD simulations
suggest that short(er) side-chain ionomers have improved
backbone flexibility, which enhances the proton dissociation
and leads to h14gher conductivity (see also section
4.3.2) 707 sA 5

Once an equilibrium morphology is obtained, selt-diffusivities
of water and hydronium are calculated from their mean-square
displacement, which increases with hydration, similar to the
experimental observations (see section
£.1.3) 557 STAASHEMS MO ASIASEAMACSIIBEIOEL Aoo e

studies consistently report lower diffusion for H;O"' than
H,O diffusion, S/ HEMSADASASIASASS pich can be ex-
plained by the stronger interactions H;O" has with the SO;~
groups, compared to H,O, which is, however, slowly released
with hydration due to 1ncreasmg solvation of hydronium ions
and their increased lability.”*"*** Despite variations in reported
data, the difference in self-diffusion between various PFSAs
(Nafion vs SSC vs 3M)**"** is much lower compared to the
difference in their measured conductivities, which implies that
the effect of PFSA chemistry and EW on conductivity is more
pronounced for the hopping mechanism. Backbone conforma-
tion, side-chain flexibility, degree of aggregation, and
association of SO;™ all collectively determine the fate of proton
transport (dissociation of protons and formation of Zundel and
Eigen cations).”" Recent MD-EVB studies demonstrated that
proton transport primarily occurs through the hydrophobic/
hydrophilic interface in a hydrated PFSA, where low surface
#5955 This is in agreement with the

areas are favorable.’
improved conductivity observed for lower-EW PFSAs owing
to their more continuous transport pathways, as discussed in
section 4.2.2 (Figure 25b). Thus, given that EW and side-chain
chemistry, along with processing methods, directly impacts the
nature and fraction of polymer/water interface (see section
3.3.1), one would expect strong implications on transport
mechanisms, in agreement with BES studies (section 4.4.1).

Finally, it should be noted that there have also been studies
in which multiple physical phenomena were combined (such as
equilibrated mesoscale structures from DPD with kinetic
Monte Carlo, or thermodynamic data and chemical poten-
tials""****) to study varlous other aspects of transport,
including e]LLtI'O osmosm,‘ FHEITE28

conductmty gas perme-
46,626,520
ability, ™" W sorption, % or glass transition temper-
50
ature.”

4.5, Gas Transport

Permeation of gases through polymeric membranes obeys a
solution-diffusion mechanism by which sorbed gas molecules
dissolved at the upstream side of membrane diffuse through the
membrane and desorb at the downstream face. The
permeability of a gas i, P, can be described as a product of
its intrinsic physical property of the gas-polymer pair diffusion
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coefficient, D, (kinetic or mobility term) and its solubility
coefficient, S, (equilibrium or thermodynamic factor)
= DS, (88)
The gas diffusivity is a function of penetrant gas size,
available free volume (nano/microcavity) within the polymer
matrix, polymer structure and morphology, polymer polarity,
gas concentration, and operating temperature. Gas solubility is
influenced by the penetrant gas condensability, gas-polymer
pair interactions, and polymer morphology. Thus, the
permeability of a gas is a result of a complex, and sometimes
competing, interplay that is strongly related to the polymer’s
phase-separated morphology. For example, while O, diffusivity
increases with tempelature and humidity, its solubility
decreases.”*"""*** These trade-offs often result in the gas
permeability being less sensitive to various parameters than
either the diffusivity or solubility. Gas permeability through a
PFSA membrane has bqen measured in the literature using a
number of techniques,>*** including the volumetric method
(measurlno permeation under pressure) PR time-lag
study,”™” gas. chromatography,”**°¥**" and electrochemical
cells. NJOS 3Lo38—641
Generally speakm§
relative humidity™**"

gas permeablhty in PESAs increases with
3, A0%,080— 634,657,038, 640,842 — 644

ur and temper-
ature,"49’"0"’0"!—M4 836 ™ and decreases with thermal
annealing”*"” and aging™" The latter effects could be
associated with the morphological changes driven by increased
crystallinity and reduced domain-connectivity. The humidity-
dependent increase in selected gases are shown in Figure 39,
and the temperature dependence (which follows an Arrhenius
behavior) is discussed in more detail in section 4.7. Some of
these studies systematically investigated a wide range of

34,615,641 301,394,636,54 1,646

gases, including cation effects and
membrane thickness effects.“***” In these studies, the most
Lommonly investigated gases are O, and H,, followed by

&0 &

(-402; 394,6.358,648,647 649,650 sz 394,634,635,643 He, 394,634,835,643

CO,™ Ar,>¥ CH,,™" > and ammonia.”**

Despite variations in measured values, the following
generalized trends can be found: Permeability decreases in
the order: He > H, > CO, > O, > Ar > N, > CH, (Figure
39), while gas diffusivity decreases in the order: He > H, > O,
> Ar > N, > CO, > CH,, and solubility increases in the order:
CO, > CH, » Ar~ O, > N, > H, > He. The solubility could be
attributed to condensability of the gases: CO, is the most
condensable gas, with a high critical temperature, making it
hlghly soluble, whereas He is least condensable gas (196 vs 10
K).”* Permeability of a gas, on the other hand, scales inversely
with its kinetic diameter (KD).**"** This results from the
opposite effects on S (increases with KD) and D (decreases
with KD). Given that the activation energy for P also increases
with KD, this signifies an overall higher barrier for transport
of larger gas molecules. It must be noted that CO, permeability
through PFSA is rather unique, EHEABHEEE Comparable to high
He permeability, especially at higher humidities,”” due to its
polar nature and strong interaction with the fluorocarbon
chains, which it plasticizes.””"*"" Due to plasticization of the
matrix, COZ, unhke other gases, exhibits a pressure-dependent
permeability.””> A direct consequence of this is seen when the
PFSA membrane is swollen with an alcohol, which plasticizes

G4 0,643— 646

the membrane, reducing its free volume, and further restricting
the diffusion of gases, in particular nonpolar gases such as
C Oz 652
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Figure 39. Permeability of various gases in PFSA mt_mbranes as a
function of relative humidity. Data taken from refs 24%, 287, 303, 434,
638, 443, and 655, The range shown on left and right side of the figure
are for permeability (of O, and H,) in PTFE and water,
respectively.>** All of the data shown are for Nafion membranes,
except two cases: Aquivion (¥ by Catalano et al.***) and Gore-Select
Membranes (*%, by Cleghorn and Kolde™"). Bottom diagram displays
a selectivity matrix for the selectivity of PFSA for various gases, 5 in
dry and saturated state, at 25 to 35 °C, based on measured data from
refs 303, 394, 834, 535, 643, 645, 646, and 650,

As seen from Figure 39, the gas permeability in PFSA
increases with humldlty and is bounded between its low
permeability in PTFE (similar to dry PFSA) and high
permeability in aqueous water (similar to wet PFSA). Such a
trend clearly shows the unique role of the hydrophobic and
hydrophilic phases on permeability. While at lower hydration
levels, higher gas solubility in the hydrophobic backbone
contributes to permeability, with increasing hydration, diffusion
through the hydrophilic (water) domains becomes the
dominant factor. It is these water-rich domains and their
interface with the backbone that create the interactions
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responsible for the gas transport behavior in PFSAs. For
example, the higher permeability of H, compared to that of O,
is attributed to its small size and weak interaction with the
PESA, and for the very same reason O, is affected more by
these interactions and exhibits a stronger dependence on
hydration (vs H,).”***** Similarly, Nafion has a higher
activation energy for gases than PTFE, again owing to its
interactions and ionic groups. A

The nature of interactions and contributions from these
phases is still not completely resolved, due in part to the
presence of an intermediate region where the gas transport is
influenced by the interactions and motion of the side-chains.
For example, MD and DPD studies have shown that gas
molecules tend to diffuse through this interfacial region, and,
with increasing hydration, they shift their adsorption locations
to the hydrophilic domains.”®” Thus, while diffusion increases
with /, solubility decreases.* Another study showed that at the
same water volume fraction, PFSA membrane with the lowest
EW exhibited the highest permeat]on, and gas permeability
increases linearly with domain spacing.**” These predictions are
also in line with the measured reduction in gas permeability
with increasing crystallinity.” ARSI A increase in the
PFSA hydrophoblc amorphous fraction due to high EW results
in an increase in gas solubility, while reducing the size and
connectivity of the hydrophilic domains, which are the main
transport pathways, leading to an overall decrease in
permeability.”” On the other hand, a decrease in the amorphous
domains induced by heat-treatments resulted in a decrease in
gas solubility and created larger crystallites that 1nc1eased gas-
barrier properties via more tortuous diffusive pathways.”* As a
result, heat-induced crystallinity results in a decrease in gas
permeability.

Since gas permeability is traditionally attributed to free
volume in polymers, this correlation has been investigated in
PFSAs as well. 03937208 These studies revealed that a
correlation between the free volume and gas permeability holds
only in dry state " enforcing the key role of water
(domains) in gas permeability. It is worth noting that this
deviation from free-volume theory starts around 60% RH,
which happens to be the transition from bound to free water
molecules, at which a disordered water-network could form that
enhances gas diffusion (Figorz 13).

Lastly, gas selectivity of PFSA for gas i with respect to gas j is
usually defined as the ratio of their permeability: S, = P,/P,
which is, by definition, related to their ratios of diffusivity and
solability. The selectivity of PFSA membranes for mixed gases
reported in the literature exhibits a large variation (from 0.1 to
100), but overall the following trends can be deduced as
summarized in Figure 39: He/CH4 > CO,/CH, > He/N, =~
He/O, > O,/N, & Nz/CH4("“ CO, selectivity is in the
order of CO,/N,**” > CO,/CH,”* > C0,/0, > CO,/
He.”*%" Overall, Nafion exhlblts ‘exceptionally high selectivity
for He and H, or ammoma/ N, and low selectivity for CH,
or for Cl,/N,.'”" Nafion was also shown to be selectively
permeable to ammonia compared to N, or O,, with strong
temperature dependence over 100 °C, although ammonia
reacts to form ammonium ions inside the PESA. Catalano et

al®** and Baschetti et al.™* demonstrated that while
permeability increases with RH, selectivity goes down but still
remains higher than their values in pure water, """ with the
exception of CO,, for which selectivity increases with
hydration.** " Similar to its effect on permeability, annealing

decreases selectivity,”'” as with any other factor that tends to
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reduce hydrophilic domain size/connectivity and increase
crystallinity or ionic cross-linking (such as doping with cations
or inorganic fillers, see section 7).

Lastly, any factor affecting the morphology is expected to
change the gas permeability, including cation exchange. Among
all other cations, PFSA in H' form has the lowest permeability
and solubility, and is also the most sensitive to temperature
changes.w/E Thus, exchanging H" with larger cations in a PFSA
tends to reduce diffusivity due to changes in connectivity and
domain size and increase solubility as a result of lower entropy
due to stronger cation/sulfonate interactions.”™**** Naudy et
al™* showed that cross-links formed between the sulfonate
groups of PFSA during aging or contamination, reduce both
diffusivity and overall gas permeability by restricting gas
mobility and creating more tortuous pathways (see saction
7.1 for aging and cation effects). Similarly, confinement effects
are expected to change the gas-transport properties in thin films
(see section &). Overall, gas permeability and selectivity of a
PFSA membrane are governed by (i) backbone (EW,
crystallinity), (i) side-chain chemistry (amorphous regions
and polymer/SO; interface), and last (iii) ionic groups and
hydration (cation interactions and hydrophilic domain size and
connectivity), along with hydration and temperature effects.
Despite a wide spectrum of gases investigated in Nafion
membranes, there is still a strong need to examine gas transport
and selectivity in PFSAs, especially with hydration effects, given
the expanding application-base and ionomer (side-chain)
chemistries.

4.6 Impact and Transport of Alcehols

The transport of nonwater neutral species through PFSAs is of
interest for different applications, especially alcohols used in
direct-alcohol fuel cells; Nafion/methanol systems have been
investigated the most. Due to the various setups and alcohol
concentrations used in the studies, measured values tend to
differ and must be interpreted in conjunction with species (ion,
water, and alcohol) that are tracked and the membrane system
employed. Studies include permeability, ISBIBSLOSTEM Horva-
poratlon,(H diffusion,'?>*39#79508661 - olf diffusion (e.g.
NI\/IR),%’T 297,861 665 electroosm0515 8L695 conductiv-
iy, #HHHEOOONT ation  selectivity,™® as well as uptake
(methanol, BOEEEABT,I0 oeh o o] 190,552,346,508,067,665
668 and propanollgl’aim’m“’b@). Although solvent uptake was
discussed in section ¥ from a sorption perspective, it will be
revisited here within the context of transport since uptake (i.e,,
solability) and diffusion are closely interrelated in controlling
permeation and transport in PFSAs in water/alcohol mixtures.

PFSA membrane prefers alcohol over water and absorbs
more by weight,J(‘}0’3/“-’"‘”:'"‘5’(‘53’66‘E which could be explained by a
number of phenomena such as higher affinity of alcohols in
PFSAs and their lower hydration energy,'™"*" higher viscosity
of alcohols,™ and the alcohols’ ability to solvate the
fluoroether side-chains.”"*® At the same external concen-
tration, the uptake decreases in order: propanol > ethanol >
methanol > water,"?"?** %% yhich is the same order as their
viscosity.”" In terms of transport properties, generally
speaking, water diffusivity is higher than methanol diffusivity
by up to three times depending on methanol concentra-
tion, 7OHEELEE Also, for a given volume fraction of solvent,
diffusivity follows the trend: from high to low is water >
Methanol > Ethanol > Propanol,** which is the reverse order
of uptake, suggesting that swelling-mediated morphological
changes hinder solvent transport. It has been observed that the

194,239,282

DOL 1002 acs.chemev 620015
Chem. Rev. 2017, 117, 987— 1104

ED_004850_00000362-00057



Chemical Reviews

Table 11. Activation Energies for Various Processes Measured for PFSA Listed Based on the Measurement Type®

property/process range [k]/mol] PESAs
proton COnduCtiV’itY x 922, Naﬁ0n54,li)2, R, 1 EG 282,000, 309,3 12,554,501 524,587 —592
12-27 M
10-11 Dow™"*
15-25 Gore-Select™
7-10 Flemion'*"
36—65 Nafion, freezing range (—50 to 0 °C)’
proton conductivity K 20—45 thin film Nafion*"%7%%
115 (<20% RH) thin film Nafion™"*™
self-diffusion (PSGE-NMR) D 11-23 (RH) Nafion,”™"*
14-26% Nafion, from WLF*"
20-23 Nafion, freezing range (—30 to 0 °C)***312
20-25 Nafion, in alcohol mixtures™*
20-30 Flemion'**
self-diffusion (MD simulation ) D 11-20
permeation and diffusion k 15-30
sorption and diffusion Dy 20-31 Nafign' #7#543%,255,299,8:9,56
gas permeation P 15-49 Nafion, 63585884045 depending on the gas}"1‘32'43’5"5‘3'2’681
DMA, mechanical properties E 10-12 Nafion™?*
E 40 Nafion, with WLF**
dielectric spectroscopy and relaxation (time) T 40—-60 Nafion™# 13135365085 same with VIF
T 10-25 (low EW) 3M, with VTF?

“Asterisk (*) indicates studies in which non-Arrhenius forms of temperature-dependence were examined (see section 7.3 for trends with various

cations).

kinetics of alcohol uptake and subsequent diffusivity decrease
with alcohol concentration.” > Despite a lower diffusivity in
alcohols, preferential solvation of fluorcether side-chains by the
alcoholPHOSAESEET (which s less repulsive to TFE) results
in structural changes such that the effective diffusivity for
alcohol increases more rapidly in a narrow concentration
range.”™ This additional interaction results in additional
swelling and assumed lower tortuosity. However, due to their
larger size, alcohol molecules diffuse slower in the hydrophilic-
domain network especially when large ionic hydroyhi]_ic
domains are present, as discussed elsewhere,'”*5%3 7008571

To characterize the solvent uptake in a mixture, a partition
coefficient or selectivity value is typically used,

mol(H,0)

mol(solvent)

mol(H,0)

mol(solvent)

(56)

membrane solution

For water/methanol mixtures, the selectivity is around S = 1
to 2.5, with higher values for thinner membranes.®>’
Additionally, one is concerned about selectivity in terms of
transport (see section 7.3). It should also be noted that
selectivity alone is not an adequate descriptor since one must
also be concerned about the absolute magnitude of the
transport property. Selectivity of water in alcohol mixtures
depends on the size of the domains and the cationic
interactions and increases with stronger interactions between
the cations and water, for a given domain size. %" To assess the
nature of conductivity in alcohols, an alternative definition of
selectivity out of a need for a practical metric has also been
adopted based on the ratio of the protonic conductivity to
permeability of the solvent, Pg,"”

2
_ Dyrey+F

"~ DJKRT

KH*

o =
(57)

where Dg and Kg are the diffusivity and partition coeflicient of
the solvent. The above expression has practical use especially in
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applications where high conductivity—low permeability trade-
off is essential, such as DMFCs. The expression above indicates
that the proton conductivity (diffusivity and concentration) and
solvent diftusivity are intrinsically related making it difficult to
increase one while decreasing the other. This selectivity defined
above has been adopted in many studies where the goal was to
minimize solvent crossover (permeability) without sacrificing
proton conductivity (even for non-PFSA membranes)."” Such
a trade-off has motivated research into hybrid membranes with
inorganic fillers and inert additives, including those for DMFCs,
where minimization of methanol crossover is a key
issue, "7 o1 in redox flow batteries where inactive
(undesired) cation crossover is prob]ematic.:m{"b76 Elucidating
the nature of the coupling among various active charged and
uncharged species, and altering them to enhance selectivity
through additives and fillers, are key motivations behind many
studies on cation-PFSA interactions and hybrid membrane
modification, which are discussed in section 7.

Solvent permeability and selectivity also depend on the
cationic form of the PFSA, as demonstrated in several
studies, IS IEEO0EEETHETE 1y general, methanol permeability
decreases with increasing cation size and valence, with PFSA-
Na" exhibiting the highest permeability.”*“**"

In alcohol/water mixtures, the uptake-transport interplay is
also strongly dependent on the alcohol fractional amount. For
example, one observes a transport-property maximum as a
function of mole fraction, where, at lower fractions, the alcohol
transport increases with fraction up to around 0.4 to 0.6 and
causes a change in repulsion between the charges and
subsequent reduced diffusion, permeability, and proton
mobility, PGS 1y the presence of other cations, this
maximum becomes less evident; for example, for trivalent ions,
the permeability decreases monotonically with methanol
concentration.”™ In mixtures, it has also been seen that the
transient diffusivity in Nafion was Dy = 1.01 X 1077 cm?/s for
methanol uptake compared to Dy = 4.87 X 107% cm’/s for
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water uptake, indicating faster diffusion of methanol into the
membrane from the mixture.”™” Tn a recent study, selectivity
was shown to exhibit a 10-fold decrease upon boiling compared
to AsR (or heat-treated) Nafion membranes.'™

PESA proton conductivity also decreases in the presence of
alcohol, in the order: water > methanol > ethanol > propanol,
which is the same order in which the dielectric constant
decreases, leading to lower polarity, reduced ionization of SO;~
groups, and also reduced proton hopping (see section
4,3). 19857 HREELEETETL 1 fact, Saito et al. demonstrated
that proton mobility is the dominant factor on conduction in
alcohols, with a smaller ratio of Grotthuss to vehicular transport
due in part to the lower interaction energy of protons with
alcohols compared to water.™

Higher swelling in alcohols also opens up more space in the
nanostractare, thereby increasing the diffusion rate (vehicle
mechanism) whereas some protons are still transported
through Grotthuss.”* Similarly, activation energy for con-
ductivity follows the order: methanol < ethanol < 2-
propanol.”” As in the case of water transport, the activation
energy for methanol transport also decreases with methanol
uptake.™’ Overall, the transport of alcohols and other solvents
is still an area of future work, especially with new PFSAs being
used in multiple applications.

4.7, Temnpearature Effects and Activation Energles

There is universal agreement on the positive impact of
temperature on transport (properties), whether it is water-
diffusion and permeability, self-diffusion, or ion conductivity.
Due to the similarity of the effects, the impact of temperature
for the various transport processes described above are
summarized in this section. The temperature dependence for
a PFSA property of interest, ¥, is most commonly represented
by an Arrhenius expression

E.y ¥
E , Or In —

¥( =D, D, k) x exp(—

Byl _ 1

R|T T

T

(58)

where E, , is the activation energy for the relevant property (or
process). The activation energies have been reported for a wide
range of processes and are summarized in Table 11. Although
values reported in these studies are close, it is still difficult to
assign a single value for the activation energy of a given process
in a PFSA due to various pretreatments, experimental
differences, and the strong coupling between hydration and
temperature dependence (ie., the range of temperature in
which E,, is defined), although both effects are interrelated
through the hydrated morphology. For example, trends for
temperature-dependent on conductivity of PFSA membrane
can be seen in Figure 34d, where the slopes represent the
activation energy ranging between E, . = 10 to 15 kJ/mol above
0 °C, and 30 to 50 kJ/mol for temperatures below 0 °C. It must
be noted that, E , exhibits a strong dependence on water
content, which is likely to change with temperature (see
Section 2.2). [For this reason, the activation energy for
conductivity may be the most accurate for preboiled
membranes heated in liquid water (Figure 34d) since its
water content does not change with temperature (see Figure
8b).] Thus, most activation energies provide a phenomeno-
logical property and may not represent an accurate measure of
activation for proton transport. As Figure 40 demonstrates,
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Figure 40. Activation energy of Nafion for various processes/
properties as a function of water content. Data are compiled from
conduc’tivity,102’29(“309 self-diffusion, " *77*** NMR,****** and dielec-
tric measurements.””® Hydration-dependence of activation energy is
also shown based on conductivity measurements in the freezing regime
(Thompson et al.**®).

overall, the activation energy decreases with increasing water
content due to its ability to enhance thermally activated motion
of water, ions, and polymer chains. Nevertheless, the effect of
hydration on thermal activation is the strongest for proton
conductivity, while the activation energy for self-diffusion of
water appears to be less dependent on water content. In fact,
the complex natare of conductivity involving water-mediated
transport, proton hopping, and segmental motion of chains, all
contribute to the thermally activated kinetics of proton mobility
that changes significantly with water content. For this reason,
the temperature-dependence of conductivity and self-diffusion
have been shown in a few studies to be non-Arrhenius, and
described by two other theories: Willams-Landel-Ferry
(WLF),:‘)'W’GZ?‘ similar to time—temperature superposition (see
section 5.4), and Vi ogel—Tammann—Fulcher (VTF), which is
given by.’.,lj’«,},l 34,436,805

E, 1

Y(=D, k) xexp| ————

(=D, k) «exp RT—T, (59)
where E[ is the pseado (or apparent) activation energy and T,
is the thermodynamic ideal glass transition temperature at
which the configurational entropy becomes zero and “free
volume” vanishes.” It should be noted that although this
expression is discussed in terms of classical polymer physics, it
applies to aqueous acid-solutions as their conductivity and
water diffusivity also show non-Arrhenius behavior (VTF). In
the instances herein, the configurational-entropy model seems
to describe well the data, thus suggesting some impact of
polymer chain mobility on conductivity, which could be due to
barriers moving across domains or mechanistic changes from
vehicle to hopping mechanism at higher temperatures. The
non-Arrhenius behavior has been commonly observed for
relaxation times measured by NMR and BES.”'3*#%%+

The temperature dependence of conductivity in Nafion and
3M PFSAs was studied in detail by Giffin et al.” using BES.
They reported that when the conductivity follows an Arthenius
torm the dominant mechanism can be considered as hopping.
At higher temperatures (>120 °C) conductivity of hydrated
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Table 12. Summary of Studies on Mechanical Properties of PFSA Membranes”

study year materials reported properties studied effects or focus
Dynamic Mechanical Response and Thermal Transitions
Yeo and Eisenberg;‘% 1977  N1100 E = f(T,4), relaxation, T, temperature and counter ions
Phillips and Moore™ 2006 N112-M* T, shift with M, DSC mixed counter ions
Bauer et al.** 2004 N117, H, Na E = {(T,RH)
Kreuer™™ 2013 N117 DMA, E = {(T,RH) viscoelastic response and hydration
Shi et al*!* 2016  N212 DMA, E = f(cation) impact of mono- an multivalent cations
Stress—Strain Behavior and Constitutive Response
Kawano et al.™ 2002 Nafion-X SS, E = {(T), dry/wet counter ion and pretreatment
Tang et al.*"* 2006 N112 SS, E, PLS, BS = f(RH, T, RH, T, in-plane anisotropy
Tang et al 2008 PFSA + ePTFE direction) RH, T, reinforcement
Kusoglu et al A 2009 N112/PFSA S$S = f(RH, T) and relaxation constitutive models for nonlinear response in vapor and
2012 liquid water
Ballengee et al.”™* 2011 e-spun PFSA SS, PLS, E PFSA fraction in composite
Collette et al.™" 2013  N112)N212 SS = f(aging time) hygrothermal aging
Kusoglu et al.* 2013 N212)N117 SS in dry, wet compression behavior and pretreatment
Lin et al.*™* 2008 N212 SS = f(draw ratio) prestretching and orientation
Time-Dependent Behavior and Visco-Elastic/Plastic Response
Liu et al.™ 2006 N117-H SS, YS, TS, BS strain rate effects
Satterfield et al."****® 2006  N115-TiO, E, creep = f(RH, 4,T) creep and viscoelasticity
Majsztrik et al.*** 2008 N1110 creep, f(T, RH) creep and viscoelasticity
Lai et al™ 2009 N111 creep, f(T, RH) WLF model for t-T-RH superpositions
Silberstein and Boyce et 2010 N212 SS = {{T, RH, rate) DMA elastic-viscoplastic model with back stress under cyclic
al v 2011 N211 loading
Yoon and Huang™* 2011 N111 SS = f(RH, T) nonlinear visco-elastic model
Shi et al.?***” 2015 N212 SS = f(aging, &-rate) aging effect on creep, moduli and T,
Khattra®™ Lu**" et al. 2012 N211 SS, E, PLS = f(RH,T rate) viscoelastic-plastic 1'esponse}:-" model™®
Zhao and Benzigerf‘E 2013 Nafion, SSC creep, E = f{T,RH) EW/side-chain and creep
Mechanics of PFSAs Coated with Electrodes
Kai et al ™™ 2013 N211 SS, E, YS, BS = (T, RH) fatigue and crack initiation behavior
Park et al.”™ 2007 N1110 DMA: T, E = {T) electrode material (IPMC) and DSC
Uchiyama et al.*** 2012 N211 SS, E = f(RH) at 80 °C deformation model and buckling
Lu et al”™® 2014 N211 SS, PLS, E = f(RH, Trate) nonlinear elastic-plastic model
Goulet et al”™ 2013 Cast-PFSA SS, E, YS = f(RH, T) catalyst coating
Other Studies Relevant to Mechanical Properties
Roberti et al.*** 2010 NI115 light scattering to measure modulj; E = E(T) dry/sat
Alberti et al** 2008 N117 pretreatment effect on modulus and hydration
Kusoglu et al>*>*** 2010 2008 PFSA modulus; micromechanics models with hydration and freeze effects
Moukheiber et al.”™ 2014 NI111L,XL,SSC double edge notched tensile test (DENT) for fracture energy
Grohs et al.™* 2010 N211, N111 Gore- pressure-loaded blister test to measure membrane’s burst strength and cyclic fatigue response
Li et al’™® 2009 Select
Li et al™ 2008 N211, N11, Gore- Knife-Slit test to measure fracture energy as a function cutting rate, temperature and humidity
Patankar et al.™” 2010 Select
Patankar et al. "% N211, Gore-Select Long-term stress-relaxation and creep compliance experiments with time—temperature—humidity
superposition
Page et al”® 2014 Nafion films buckling method to measure moduli of thin films of 20 to 50 nm
Kim et al. " 2015 PESA toughness of dispersion cast-PFSAs influenced by the casting fluid
Page et al# 4 2005 2006 N117 mechanical and thermal relaxations (DMA) with various cations
Di Noto et al M3 2009 N117 DMA with BDS for dynamic transition and mechanical relaxation
Melchior et al.*™ 2016 N117 structural interactions controlling the viscoelasticity at high/low RH/T
Shi et al.™ 2016 N212, NXL impact of reinforcement on anisotropic mechanical properties (DMA)

“For additional information on properties of stabilized/composite PFSAs, see section 7.

-

2, and on deformation in conjunction with morphology

studies, see section 3.1.5. (SS, stress-strain; E, modulus; YS or PLS, proportional limit stress; BS, break stress/strain.).

PFSA exhibits VTF behavior, which suggests long-range
segmental motion of the polymer chains and their viscosity
were also involved in the transport process, thus mediating
proton exchange.” In this case, E, characterizes the probability
of a large increase in free-volume formation in the polymer
matrix for ion migration and relaxation events.” In fact, it was
shown in BES studies”"****® that frequency peaks (in the
transition regimes) also exhibit a VIF dependence, similar to
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conductivity, revealing the link between jon transport and
relaxation through the morphology. Such a combined effect of
ion migration and polymer-chain motion manifests itself even
stronger for the activation energy of conductivity measured in

L 53,58, 10,250,309 .
°C), YRS where distinct

the freezing regime (0—50
changes are observed not only in conductivity, but also in its
temperature dependence (see Figares 34 and 40).
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* Young’s modulus of Nafion as a function of relative humidity at low (blue) and high (red)
> Inset shows the temperature dependence of the moduli measured in the literature: dry (gray) and vapor-

4.8, Cther Transport Properties

Besides the main properties discussed above, some studies,
although scarce, have focused on other transport phenomena in
PFSAs and especially Nafion. These studies include optical,
acoustic, and thermal properties and are included here for
reference. The refractive index for Nafion is 1.35—1.38 for the
range of 400—1000 nm wavelength,™¥**~"** with a slight
temperature-dependent increase toward 1.4,°°* and hydration-
dependent decrease toward 1.34.°" Nafion is almost trans-
parent with over ~90% light transmission and close to 10%
reflection, within the same wavelength range, JELEES o property
that is of interest for solar-fuels applications.””****" When
hydrated, however, transmissivity decreases to ~60% with a
stronger wavelength dependence.” Also, in a study by van der
Heijden et al,, blrefrmgence was shown to be originated from
orientation of the backbone chain, which could be caused by
the manufacturing extrusion process or drawing, but not from
the bond angles.

The thermal conductivity of Nafion has been measured to be
between 0.12 and 0.19 Wm™'K™" in the temperature range
from 10 to 70 °C, with a slight dependence on temperature.”*”
The thermal conductivity increases with increasing humidity,
reaching 0.29 + 0.03 Wm™ K~! at 100% RH, 65 °C."* The
thermal diffusivity of Nafion was measured to be 1.3 X 107 and
1.3 + 0.1 X 107" cm®/s, at 280 and 240 K, respectively.

A study on the propagation of acoustic waves in Nafion
reported that the speed of sound in hydrated Nafion is lower
than that in dry Nafion and water, which was attributed to the
water-hydrated phase-separated nanostructure dampening the
sound 10 times stronger than pure water.”*” Below freezing
temperatures, however, the damping capacity decreased with
ice formation.

«1(1

5. MECHANICAL AND THERMAL PROPERTIES

A PFSA membrane’s hydration-driven morphology (see section
3) is integrally linked with its mechanical and thermal
properties. Unlike transport phenomena (see section 4), it is
primarily the hydrophobic (PTFE-like) matrix that controls the
mechanical stability and properties, with the additional effects
arising from the ionic interactions (cross-links), thus the
effective properties of a hydrated PFSA are still controlled by its
phase-separated panostructure. Mechanical deformation of a
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membrane can be characterized by measuring its strain (stress)
in response to an applied stress (strain) under different
configurations, resulting in a stress—strain (6—&) curve. Since
deformation of an ionomer involves collective motions of its
constituent chains, along with other moieties, which are all
temperature dependent, mechanical and thermal properties of
PFSA membranes are strongly linked via their morphology (for
a given hydration level). Hence, the mechanical and transport
behavior of a PFSA membrane is governed by almost the same
underlying factors, in that, any parameter that changes its
transport alters its mechanical properties, which is the focus of
this section.

Almost all of the early studies on mechanical stability, briefly
discussed in a 2004 review,' used dynamic mechanical analysis
(DMA), which characterizes the viscoelastic response of a
polymer across a range of temperatures. DMA, although useful
for such thermomechanical transitions, is not always practical to
predict deformation behavior with plasticity. Thus, in the past
decade, an increasing number of studies characterized a broader
range of PFSA mechanics, including their stress—strain
behavior and plastic deformation, time-dependent viscoplas-
ticity, and fracture behavior, as illustrated in Table 12. In
addition, computational studies have explored their constitutive
response and Young’s modulus, all of which have expanded
significantly the understanding of their mechanical properties.

5.1, Stress--Strain Behavior

Stress—strain behavior is most commonly measured using
uniaxial tensile testing, ideally, at a controlled strain-rate,
temperature, and humidity. An important factor that had not
been clearly addressed in earlier studies is that the calculation of
strain and stress relies on length (L) and cross-sectional area,
respectively, both of which change with hydration. Thus,
depending on the reference state used for the dimensions (i.e,
initial or hydrated), stress—strain curves change. As such,
deformation can be quantified in different ways, and the most
common ones for polymers are

AL AL
=Injl1 + —|, andA =1+ —

vef

£ = —,

ref

’Lrue
vef

(60)

which are (engineering) strain, true (log) strain, and stretch
ratio, respectively, with the latter being more common for
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elastomers. Due to these differences, stress—strain curves for
the same PESA could appear qualitatively different."** Typical
stress—strain curves for Nafion membrane under different
environmental conditions are shown in Figure 41, along with
key mechanical properties that can be determined: Young’s
modulus (E) from the initial slope of the linear elastic region;
proportional limit stress (PLS, or 6"%), calculated from the
onset of nonlinearity; failure or break strain (BS); and
maximum stress at the point of failure. Even though ™ is
associated with the yield limit or strength (YS or 6*), which
marks the onset of plastic (permanent) deformation, it is
impossible to know when a membrane actually begins to
deform plastically during loading unless loading—unloading
cycles are carried out to examine deformation elasticity. Thus,
PLS is a more appropriate term in this context, unless plastic
yielding is identified, although PLS and YS are used
interchangeably in the literature. Lastly, Poisson’s ratio for
Nafion membranes was reported to be around 0.4 in ambient
conditions”™”*"® and increases with hydration due to the
increasing fraction of uncompressible water molecules."

The overall stress—strain response of a PFSA membrane can
be characterized, in accord with the mechanically-induced
morphological changes discussed in section 3.1.3, as consisting
of the following regimes:lz‘s’l‘T‘“’(\'W’t’gz (i) elastic, recoverable,
deformation, with muolecular-level bond stretching at lower
strains, where the load is carried through the polymer
aggregates that might rotate and reorient around the ion-rich
water domains (within their local bundles at mesoscales, see
Figure 23c), (ii) at/after onset of plasticity, (ie., vielding)
turther stretching causes sliding and disentangling of the
aggregates, (iii) at higher strains, (i.e, postyield) stretching
causes collective motion of chains with preferential orientation
of aggregates in the direction of applied load, which increases
resistance to load, i.e., strain-hardening, and finally (iv) breakup
of interaggregate interactions and entanglements between the
aggregates that exhibit localized yielding, i.e., crazing, leading to
ultimate failure with bond breaking. Nevertheless, it is the time-
dependent deformation due to viscous behavior that governs a
PFSA’s overall mechanical response in which relaxation
mechanisms and ionic interactions in the morphology all play
key roles, as discussed in many recent stud-
jeg, BRI AUL AL 127,695 By example, stress relaxation, ie.,
reduction in stress when the membrane is held at a constant
strain, can be explained by the continuous movement of chains
and their disentanglements within these mesoscale bundles, ie.,
molecular-level relaxation.””

The stress—strain behavior of a PFSA exhibits characteristic
features of semicrystalline polymers: a linear regime followed
by an onset of nonlinearity and strain-hardening at higher
strains. These regimes have been identified for PFSAs and
discussed elsewhere, along with hydration and temperature

effects, 313125, 204, T65,685,590,652,69% o op
9f,131,669,710,718 . .

fects, * 7O in relation to morphological

R 19,82, 90,91,131,15L,257,295,357

changes, and also under compres-

sion.”” Moreover, as discussed in previous sections, thermal
treatment induces higher crystallinity in the golymer matrix,
leading to enhanced mechanical properties,”'"” which are
reflected as higher strength and Young’s modulus. Such changes
are opposite in trend to transport properties (ie., reduced
uptake and conductivity, see section 4). Similarly, for subzero
temperatures, the stress—strain response changes significantly
with a more brittle response and higher modulus, owing to
enhanced backbone stiffness as well as reduced chain motion
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within the domains with possible ice formation from freezable
water.”"*® As such, reduced hydration with limited mobility
of ionomer moieties collectively restrict transport mechanisms
(see sections 4.1 and 4) and increase ionomer stiffness,
consistent with a chemical/mechanical balance motif.

As seen from Figuare 41, the stress—strain response and
mechanical properties are highly sensitive to environment, and
modulus, strength, and break stress all decrease with increasing
temperature and hydration, * 26282 EEEGELEN G ot
failure, for example, decreases with hydration and increasing
temperature.”*****%970" The effect of temperature on break
strain can be better understood when the subzero temperature
data are considered, that is, lowering temperature makes the
membrane more brittle due to reduced mobility of the polymer
aggregates. The temperature effect on deformation is governed
via the main-chain motion, as with other polymers, and also by
the mobility of the PFSA’s pendant chains and ionic sites,
which makes a hydrated ionomer’s deformation more complex.
The humidity effect, on the other hand, is governed by a
PFSA’s unique hydration-induced morphology. At low
hydration levels, PFSA membranes exhibit a semicrystalline-
like response with an apparent onset of nonlinearity and strain-
hardening, features that are reminiscent of PTFE’s deformation
response. However, the onset of nonlinearity becomes less
pronounced as membrane water uptake increases, with a very
low PLS in liquid water. In fact, at maximum hydration, a PFSA
membrane exhibits a rubber-like response (especially in true
stress—strain form, see Figure 41). Stemming from this distinct
deformation nature, Kusoglu et al™ demonstrated that the
stress—strain response of a Nafion membrane can be accurately
captured using models for semicrystalline polymers and swollen
hydrogels, with a transition from the former to the latter at very
high water uptake and temperature. The following expression
was shown to predict (true) stress as a function of strain, &, and
strain rate, &

ole, &, H, T) = 6" (1 = /) (&")(¢") (61)
where m and h are the humidity- and temperature-dependent
material parameters characterizing the strain-rate sensitivity and
the strain-hardening behavior, respectively. They also showed
that other formulations based on deformation of elasticity of
gels could capture PFSA membranes deformation behavior in
liquid water quite well, but not in vapor.”***" Thus, a PFSA
membrane’s stress—strain behavior changes dramatically from
vapor to liquid water, which can be predicted using the
appropriate models (see Figure 41 inset)." ™

These distinct deformation mechanisms could also explain
the various factors controlling the stress—strain behavior. First
of all, processing-induced changes could cause intrinsic
orientation of polymer aggregates, thereby increasing the
membrane’s strength, albeit with anisotropy. For example,
extraded Nafion membranes have better mechanical properties
in the direction of machining (MD) compared to that in the
transverse direction, *”*****%* 075 which is in accord with the
nanostructural orientation observed in AsR extruded mem-
branes.******* This structural orientation was shown to be
eliminated upon boiling in water, or thermal annealing.********
Cast membranes, on the other hand, exhibit less in-plane
anisotropy in both mechanical properties and nanostruc-
ture.”*** Similarly, Lin et al.™* showed that prestretching a
PFSA membrane induces even stronger anisotropy in
mechanical properties, where the stress at a given strain
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increases in the stretching direction with increasing draw ratio.
Recently, preconstraining a PFSA membrane was shown to
increase yield strength and hardening, but not modulus, which
was attributed to a higher degree of chain orientation induced
during the preconstraining process affecting large-strain
deformation.™ Thus, regardless of the process, a membrane’s
mechanical response is strongly linked to the changes in
nanostructure.

Moreover, nearly all literature works have focused on PFSA
membranes’ mechanical properties under tensile deformation,
even though membranes are usually constrained and com-
pressed in most devices. A few studies have measured the
(hydrostatic) compressive behavior of membrane in liquid
water in an effort to quantify the swelling pressure (see section
2.6.2), and reported pressures between 30 to 100 MPa
depending on the compression ratio.'™>**%* 257535 Bydingki
et al.™" measured swelling pressure through membrane
hydrostatic compression, which was extended and modeled
by Kusoglu et al,”*'** who showed these changes are
consistent with the nanostructural deformation, and the local
pressures therein, consistent with the swelling-pressure-concept
tormulation. Such a high swelling pressure developing internal
to a membrane has been shown to be key for understanding its
swelling-equilibrium, as discussed by Freger,”” Eikerling and
Berg,”” and Kreuer” in conjunction with surface-layer effects
and vapor/liquid equilibrium (see sections 2.2 and 34).
Naturally, a PFSA membrane under compression can
accommodate larger stresses than the break stress under
tension. Similarly, dehydration of a full-hydrated membrane
under external compression was shown to be negligible (<10%)
under stresses lower than 10 MPa.'”***"

Composite PFSA membranes also exhibit improved
mechanical properties, depending on the nature of the
reinforcement or filler. 7 H1 &1 ARG ISTASRERETOSTIZ-TIS Gy
example, PFSA membranes reinforced with the hydrophobic
ePTFE layer exhibit a more than 2fold increase in yield
strength, modulus,zgﬁ and tear stress’’
more detail). However, the real impact of such hydrophobic
reinforcement layers is that the membrane’s modulus and
strength becomes less sensitive to RH, and therefore becomes
mechanically more robust in a hydrated state. As such, Young’s
modulus increases from ~270 MPa for Nafion to over 600 MPa
for ePTFE reinforced PFSA™' and Nafion:Nanofiber e-spun
(See section 7.2).

" (see section 7.3 for

o G
composite.
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5.2, Young's Modulus and Strength: Hydration Effects

As noted, hydration reduces both modulus and strength of the
membrane, which is attributed to its plasticization of the
polymer matrix. However, water’s role is more complex. For
example, at very low humidities (0 to 10% RH), water actually
increases the modulus, especially at higher temper-
atures, ™" ¥ HE25IY which is explained by its role in stabilizing
the ionic sites through strong electrostatic interactions (ionic
cross-links), ie., antiplasticization effect. In fact, Bauer et al.
showed that this modulus increase occurs only in protonated
torm, implying the role of hydrogen bonding and formation of
O-H bonds that can act as cross-links, thereby improving
membrane stiffness.”** Only after 4 = 2 does the plasticization
effect dominate the mechanical response. A similar effect of
water is seen at larger strains, Where the PFSA exhibits a
stronger hardening behavior, 36 hich again could be
attributed to the stiffening caused by water molecules locally
restricting the mobility of oriented polymer aggregates.
Naturally, these effects of water cannot be isolated from the
role of electrostatic interactions. As a result of this interaction,
stress—strain curves and mechanical properties of PFSA are
strongly dependent on the cation type and size, which increase
these properties (see section 7.3).° "™ 7%7H Thyg at low
hydration levels, PFSA exhibits antiplasticization arising from
the strong water-sulfonate interactions, whereas at high
hydration levels, the decrease in Young’s modulus is driven
by its high fraction of water domains (conceptually like a
hydrogel, although still with crystallinity). This phenomenon
has manifested itself in various studies. BRGS0 Benziger
group,”'*” using creep tests, identified a transition temperature
of 70 to 80 °C, below which elastic modulus decreases with
humidity, whereas at higher temperatures, elastic modulus
exhibits an increase with a small increase in humidity from 0 to
20%, which was also supported by DMA results of Kreuer.”"
This observation was validated after a few RH cycles for both
Nafion and SSC PESA.' More recently, Melchior et al.*** have
investigated this phenomenon via NMR under stretching. They
proposed that, under high RH, mechanical stress is transferred
through the polymer backbone, whereas at lower RH and
higher temperatures (i.e, dry/hot conditions), the trend is
reversed such that the role of weakly hydrated ionic domains
contribute to the load transfer. This reversal in RH-dependent
modulus at higher temperatures was attributed in the former
study®"'* to the stronger ionic cross-links due to the cluster
formatxon at higher temperatures, while the latter study™
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explained it by the stronger role of the Coulomb structure
tormed in weakly hydrated ionic domains. Since the modulus of
the polymer backbone decreases at higher temperatures,
(similar to that of dry PFSA in Figure 41) at low water
contents, the stronger ionic interactions could dominate the
mechanical response. In fact, the results from the above-
mentioned studies comply with the fact that modulus of a dry
membrane at a given temperature increases in the presence of
cations owing to their stronger ionic interactions.” """ Finally,
one must note that the above-mentioned effects should be
considered for a given PFSA, and changing its EW and/or side-
chain could induce stronger changes in mechanical stability.
The modulus/hydration relationship of PFSA membranes
and factors influencing it are summarized in Figure 42a based
on literature data. As noted above, Young’s modulus is the
single most commonly used mechanical property. In addition
to the stress—strain tests summarized in Table 12, the PFSA
modulus has been measured using tapered element oscillating
microbalance, optoelectronic holo%gaphy technique,"”*"" light
scattering,_oM and nanoindentation”™” tor bulk membranes, and
buckling”” and cantilever beam bending”*® for supported thin
films. Young’s modulus of a Nafion membrane of 1100 EW in
ambient conditions has been :e;)01'ted to be 250 to 300 MPa,***
depending on strain-rate."*”*** The modulus decreases to as

low as 100 MPa at h/igher tempera-
tures' i I2EI26,107,200,0064,284, 685,689 a0 poag
co o 12,106, 517,200, 204,264 . .

ities. " PSS Degpite a large scatter in measared

moduli, when the RH-dependent modulus is normalized by the
modulus of the dry membrane, Ey,,, and plotted as a function of
water volume fraction, all of the data follow a wuniversal
hydration dependence (see Figure 42a). Inspired from this
relationship, Kusoglu et al."***** employed a mechanics model
to propose the following scaling expression for PFSA Young’s
modulus and yield strength as a function of temperature and
water volume fraction, ¢

o' (T, )

E=E(T, §) = Ey4,(T)¢", and
O 4y

(62)

where ¢, = 1 — ¢, and # and m are power-law exponents.
These relationships were shown to arise from the PFSA’s
phase-separated nanostructure, in which the reduced fraction of
load-carrying hydrophobic backbone with hydration reduces
the effective modulus. By idealizing the shape of the hydrophilic
domains as interconnected spheres or cylinders, an exponent of
n = 3.6 or 2.4 was calculated, respectively, which are in
agreement with the measured data (see Figure 42a). Also, the
modulus’ temperature dependence in dry state was shown to
obey an Arrhenius type relationship down to —20 °C,*** with
an activation energy of 10.7 kJ/mol, very close to that reported
for PTFE.**

The scaling exponent can be interpreted as mechanistically
analogous to scaling expressions developed for conductivity
(see section 4.2.1). While for conductivity, the scaling
represents the increasing fraction of the water-domain network,
tor modulus, the scaling represents the inverse stracture, i.e,
the reduced fraction of hydrophobic backbone domains. This
observation suggests that water’s role in ion-containing,
semicrystalline PFSA’s mechanical response cannot be solely
explained by classical plasticization observed in other polymers.
In fact, earlier mechanical models also treated PFSA as a two-
phase medium to determine the change in its modulus with
water, which constitutes one of the phases.”****”*” Hsu and
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Gierke®™'”® presented a semiphenomenological elastic theory
for ionic clustering in PFSA membranes, and proposed an
expression for the cluster (domain) diameter corresponding to
the minimization of the free energy. Their studies are based on
the assumption that the domain shape is determined by the
electro-elastic interaction energy between the ionic domainss
and the fluorocarbon matrix, and the surface energy of the
domain.

The phase-separated nanostructure is expected to control
other mechanical properties, or their interrelation, as well. This
can be seen from a plot of yield strength vs modulus, where all
data pairs fall on the same line regardless of temperature and
humidity. The slope of the line, which is the strength-to-
modulus ratio (PLS/E) appear to be constant, regardless of the
hydration and temperature. Such a findings reveals the
existence of a morphology-mechanics interplay that con-
currently change both modulus and strength in response to
environmental changes. Thus, similar to modulus, yield
strength or PLS also follows a power-law dependence, albeit
with a different exponent: m = 2.67 (Figure 4%a)."*

Lastly, studies suggest that cations reduce the modulus in the
order of Rb" > Cs" > K' > Na" ~ Mg*" > Lit o2 LA T g
Fe¥* > Mg?" > Cu®,””"" again with strong dependence on
hydration. The impact of cations on modulus are exacerbated in
dry/hot conditions or diminished with hydration,”™ which
could be explained by hindered electrostatic interactions in the
presence of more solvation (also see section 7.2). The increase
in mechanical properties with larger cations is attributed to
physical (cation-sulfonate) cross-links formed within the
hydrophilic domains, which reduce mobility and thereby
increase the resistance to deformation.

5.3, Time-Dependent Behavior

A convenient and useful way to study the time-dependent
mechanical behavior of PFSA membranes is by means of their
viscoelastic or viscoplastic response. Recent studies investigated
them by using either relaxation and creep, ! 1 IR REASS,0TT T
within the context of viscoelasticity, or strain-rate-dependent
stress—strain response,1"7‘5’12‘7’M"}"6(‘}”-/"6%"7J"’é for viscoplastic-
ity 22O 1 these latter modeling studies, the measured
time-dependent stress—strain data are reproduced using
theological models, typically composed of time-independent
(spring element with a modulus) and time-dependent (dashpot
with a viscosity) stress components, as illustrated in Figure 43
for uniaxial behavior. While viscoelasticity could be captured in
relatively simple systems (i.e, Maswell and Voigt elements),
modeling of elastic-viscoplastic response requires more
comprehensive models with a number of material elements
that are functions of temperature and humidity.*”*"*

“In these
multilayer models, stress is interpreted as the sum of an
elastoplastic network, where yield stress and strain-hardening
response are represented by a slider and spring elements,
respectively, and a viscous network characterizing the
dissipative behavior with a dashpot element. With such a
network model, one can capture the strain-rate dependence and
creep/relaxation response, under various environmental con-
ditions. Other rheological models were also developed for
PFSAs, including a multiparameter viscoplasticity model by
Silberstein et al."”! that can capture the nonlinear loading—
unloading under cyclical loads. In addition, the tensile creep
behavior of Nafion was investigated by Satterfield et al.'****®
and Majsztrik et al,'™ who reported the creep rate as a
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Figure 43. Representative rheological material models used in the
literature to characterize the viscoelastic and viscoplastic mechanical
response of PESA membranes, "> and stress-relaxation response
of Nafion 212 membrane under various environmental conditions
{measured data are modeled based on the viscoplastic model shown
above, from Khattra et al.*).

tunction of temperature and humidity and discussed the
membrane’s viscoelastic response.

54, Thermal-Mechanical Transitions

DMA relies on measuring a membrane’s stress response under
an applied sinusoidal strain at a controlled frequency, @, across
a wide range of temperature. DMA yields the following key
properties: storage modulus, E’, representing the stored energy
(elastic); loss modulus, E”, representing the dissipated energy
(viscous); and loss tangent, tan &, which is the ratio of two
moduli and a measure of damping factor. tan § is a rather
unique feature of DMA and shows a peak at a temperature
when the material undergoes a thermo-mechanical transition. A
typical temperature-scan DMA of Nafion membrane is
demonstrated in Figure 44, with the characteristic transition
temperatures noted. Despite being one of the oldest techniques
used for Nafion, the molecular origins of the transition
temperatures, in particular the “glass transition temperature”
has been a subject of great interest and discussion. Most of the
early discussions centered around the assignment of the peaks
observed in DMA and DSC studies to particular (e.g., glass)
transition temperatures or relaxation mechanisms, starting with

: ) 135,298
earlier papers by Yeo, Eisenberg, and co-workers,”™*"" Moore

1051

10 o
: &
=
) 10.5
& 10’}
& :
£ 0.4
2 107} o3
i @
S Sy
=
& %5402
[R
310
0.1
10’ ; : - 0
-150 100 50 ] 50 100 150
Temperature, T{°(]
Fhnemomechaniod Transitions in PFGAs
main-chain (motion ]

nehwork
{destubifization)

hain (pwion) v it

Figure 44. Typical temperature scan profiles from DMA showing the
storage modulus and tan(§) for Nafion™*"" and 3M PFSA
membranes, and an illustration of thermomechanical transitions
associated with PFSA morphology.

. 38,40 .
and Martin,™* and Mauritz and co-workers, (some

of which were summarized in a 2004 review'), and a consensus
appears to have been reached thanks to these studies in the past
decade or so.

As demonstrated in Figure 44, PFSA membranes exhibit 3
thermal transitions (y < f§ < a) corresponding to distinct
relaxation mechanisms: (i) a y relaxation around T,=—120to
—90 °C, (ii) a broader f relaxation between Tp = —40 to +20
°C and (iii) an a relaxation, so-called, ionic-cluster transition
temperatuare, which is around T, = 90 to 120 °C for acid-form
(H") and over 200 °C for the other salt forms (see Table 13).
However, both a and f relaxation temperatures increase by
over a 100 °C when the protonated PFSA is exchanged with
alkali salts but not the y-relaxation, which indicates the intrinsic
role electrostatic interactions in these relaxation mechanisms
(see section 7.3)."7 V544298 Aloq the fact that the impact of
cation on both thermal and stress relaxations is reduced with
increasing water amount due to its shielding of ionic species
and their interactions supported the assignment of T, to ionic
groups."*” Interestingly, when Nafion was exchanged with two
counterions of varying compositions, both £ and « relaxation
were observed at the intermediate temperatures of the
corresponding two fully-exchanged ionomers with composi-
tion-dependent shifts in their positions, as expected from the
changes in electrostatic interactions.”™ However, while a-
relaxation followed Fox equation based on this rule-of-mixing,
[-relaxation deviated from such a trend, which was attributed to
plasticization of the ionomer by the bulky cations.

In a series of studies on the molecular origins of thermal
transitions in Nafion, Page et al,hEESET O compared the
transition temperatures via temperature-dependent DMA,
DSC, SAXS, and “F NMR experiments with different
alkylammonium ions. An interesting finding was that the single
transition temperature observed around 0 °C for the Nafion
precursor (SO,F form) shifts to over 100 °C once the polymer

QE,E31,385,721
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Table 13. Summary of Reported Transition Temperatures in °C for Various PFSAs in Selected Cation Forms

DMA DsC
T, Ty T, T 15 notes
refs 34,307,318 refs 3%,21,131,208318,722 refs §0,211,268, 798 318,727 refs 3%,40,145,276,20% 301 refs 35,40,219
—108,—132 —62 to 23 95—-115 104-152 230 Nafion-H*
201-218 320-333 SSC-H*
158-177 275-288 335-338 SSC-Na*
—-114 140 225 213 + 20,226 Nafion-K*
-97 130,150 235 238 + 25,211,262 Nafion-Na*
—81 147 217 212 + 18 Nafion-Li*
130 240 Nafion-TMA*™* 3544
73 100 Nafion-TBA"™ %
~0 precursorm

is converted into SO;H form (via hydrolysis and neutraliza-
tion). This is due to the strong association of the SO,H groups
limiting the main-chain mobility, and a further increase to 250
°C occurs upon conversion to SO;Na, owing to their stronger
dipole—dipole interactions between the SO;7-Na”
groups.j’%’i‘“ As authors noted, this ionomer, unlike the
precursor, cannot be melt-processed due to the strong
Coulombic interactions giving rise to a dynamic electrostatic
network with a physically cross-linked system that can persist at
the high temperatures. In another study, authors found that
transition temperatures were similar from DMA = SAXS ~ F
NMR (main-chain), and counterions acts like a polar ionic
plasticizers,”**"*** impacting both @ and f# transitions, which
indicates the existence of interrelated relaxation mechanisms for
polymer chains and ionic associations. While the former is
related to the segmental motion of polymer chains (including
the actual glass transition of the fluorocarbon backbone, T;,),
the latter is governed by the time that an ion pair resides in an
aggregate before hopping to another site. This jon-hopping
transition has been attributed to the cluster transition, or a
transition, but not the glass transition.” >4 Similarly, the
fact that the f transition, T}, also shifts with larger counterions
to lower temperatures {accompanied by reduced relaxation
time) indicates that main-chain motions and electrostatic cross-
links are coupled through the side-chains.”*~*"**%* Thys, at
T, the electrostatic interactions (“cross-links”) become
unstable and move from a static state to a dynamic state at
the onset of ion hopping (Figure 44). In fact, this transition has
been termed in BES studies the “dynamic glass transition” and
also related to the segmental-chain motion caused by the
conformational changes in main-chains.”****¢ As the temper-
ature increases, the amplitude of counterion motion increases
and approaches length-scales that facilitate ion-hopping
between sulfonate groups.””*** On the other hand, at subzero
temperatures, the backbone motions and ion mobility are both
restricted accompanied by partially crystallized water. In accord
with these changes, the activation behavior was suggested to
change from Arrhenius (hopping) to VIF at higher temper-
atures,2"33‘/’
also activated (see section 4.7).

Considering that the formation of ionic aggregates (cluster)
is a balance between dipole—dipole interactions favoring, and
elastic forces opposing, at high temperatures when SOH
groups are no longer ionized, the reduced Coulombic barrier to
reorientation makes it easier to disintegrate the ionic
aggregates.”™"™ While such disappearance reflects as a
transition temperature in DMA between 100 to 200 °C,

where segmental dynamics of polymer chains are
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heating at higher temperatures could yield a shift from thermal
transition and decomposition (see section 7.1 A).

A series of investigations by various
groups""’lE""W"mi’;31’j"?'"z'"w‘."’(\'}'3 reported similar transitions from
a wide range of studies (DMA, QENS, NMR, DSC, and BES),
indicating a strong correlation between the mechanical and
dielectric properties influenced by the polymer backbone, side-
chains, and morphology. In summary, as illustrated in Figure
44, (a) T, is a dynamic ionic-cluster transition associated with
the onset of long-range mobility of the chains surrounding the
ionic domains as a result of a destabilization (weakening) of the
electrostatic network, disrupting the polar domains therein, (b)
Ty is the glass transition of the PFSA matrix attributed to the
onset of segmental main-chain motion, facilitated by the side-
chains, within a physically cross-linked static network of
amorphous fluorocarbon matrix, while (c) the low-temperature
transition T, is associated with the local motions of the PTFE
backbone, 77V ILIEE By this reason, T, and T are more
sensitive to hydration,l35’229’388’711 EW,‘"””‘W’A":“:"TO‘%"”’“ side-chain
chemistry 7% and cation-form 1 H Vi3SI 2SI IGT I o f
the PFSA. Hydration tend to reduce the T, due to the
plasticization effect of water further enhancing the mobility of
ionic domains reducing the onset of ion-hop-
ping.lw’zw’m’*36’”1 Change in T, with cations is due to
their stronger interactions that stabilizes the electrostatic
network via ionic cross-linking, thereby locally stiffening the
ionomer and restricting its chain mobility (Figure 44b), which
increases the relaxation t:emperature.l';’1"""")'9"3?'5'4 However, the
impact of cations on thermal transition diminished as the
degree of hydration increases, due to the shielding effect of
water weakening the cation—sulfonate interactions' > (see
section 7.3).

The effect of low EW or backbone length (distance between
side-chains) and/or increasing fraction of side-chains in the
PFSA on reducing T,,”**** can be interpreted as side-chains
acting as plasticizers, with the longer side-chains having a more
profound effect; thus, the lower a-transition of Nafion
compared to SSC™" and 3M PESAs.”*>” Even for the same
PFSA, however, higher EWs increase crystallinity, which tend
to reduce main-chain mobility and increase and broaden the
transition temperature.”*® A recent study by Moukheiber et
al? reported that increasing the backbone length (CF, repeat
unit) increases T, for SSC PFSA, but reduces it for Nafion,
which was explained by the higher crystallinity of SSC (for a
given n) restricting the chain motions (see section 3.1.3). For
Nafion membranes, however, the (higher) mobility of the side-
chains is further enhanced if their separation (backbone length)
is higher, thereby reducing the relaxation temperature. In fact,
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such effects persist at lower temperatures affecting the Tp
which has been shown to be controlled by side-chain
dynamics.”” "% These effects of side-chain chemistry have
recently been investigated via dielectric spectroscopy (see
section 4.4), which have not only demonstrated transition
temperatures similar to those from DMA, >34 byt also
revealed the role of dynamic side-chain motions in coupling the
a and f transitions, with a shift of both relaxation temperatures
and frequencies to higher values with lower EW and/or higher
uptake. Similarly, BES studies reported a higher activation
energy for p-relaxation for higher-EW PFSAs, where the
increase in crystallinity in the polymer matrix restricts the side-
chain mobility.”

Transition temperatures have also been investigated by DSC,
where studies in the freeze regime all report an (exothermic)
peak around T = =20 OCSb,lG‘L,lN-ﬁ,25J,E(‘v'&,.’;u'f,&()%‘,-ﬁsl and an
(endothermic) melting peak around —3 to 0 o HAIAI9I0
The shift of freezing point to a lower temperature compared to
the melting transition is associated with the supercooling
phenomenon of water, as detected through various
means.” 05 15 4 few DSC studies, higher temperature
peaks around 275 to 350 °C were also reported,”****” and
associated with the meltin% of the crystallites, in accordance
with WAXS investigations.” PROELIEE Nevertheless, due to its
chemically heterogeneous structure, PFSA has a lower melting
point and broader transition temperature compared to
PTFE*

Thus far, the relaxation phenomena in PFSA have been
discussed in terms of thermal transitions and time-dependent
mechanical response, both of which change with hydration. A
powerful feature of mechanical-relaxation experiments is its
ability to link these mechanisms through time—temperature
superposition {TTS) principle, the applicability of which for
PFSA was shown by Kyu and Eisenberg,'** and more recently
investigated systematically by Patankar et al*'*“*¥™" TTS
relies on the fact that viscoelastic relaxation (stress-time)
response of a polymer can be superimposed by increasing its
temperature, which effectively shifts current time, £, to a new
reduce time, . TTS can be mathematically expressed as

1
E(t, T) = E(—, Tref) = E'(t/, T;) where t'

ar
t
/

g
ay[A(&)]ar[T(8)]
where E(,T) is the modulus at a given time and temperature,
T, and E'(t,T,;) is the equivalent modulus that can be
obtained at reduced time at a reference temperature. Thus, the
change in temperature is equivalent to a shift in time, via a
temperature-shift factor a;. By conducting relaxation experi-
ments at various temperatures, one can shift the modulus data
to match and form a “master curve”, from which the shift
tactors can be extracted. Given the similar effect of hydration on
relaxation, one expects a similar superposition with humidity.
By performing a set of relaxation experiments (under controlled
RH, T), Patankar et al'**"**™" demonstrated that a hygro-
thermal curve can be generated for Nafion and Gore-Select
Membranes by shifting the measured data from which not only
ar, but also a hygral-shift factor, ay, was obtained, thus
affirming the applicability of a time—temperature-hydration
superposition (TTHS). Although both temperature and
humidity reduce modulus, by increasing the mobility of
ionomer chains and moieties, the effect of humidity was

(63)
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found to be less pronounced with an gy of 1.5 decades (30 to
90% RH) versus an a, of 7 decades (40 to 100 °C). The
observed lack of TTHS for PFSA in the low-hydration regime
(<5% RH),"*™ can be attributed to the aforementioned
antiplasticization effects, which cannot be captured with the
classical TTS behavior that does not account for electrostatic
interactions. Another interesting but convenient use of TTS
was demonstrated for aged PFSAs, which result in cross-link
formations (see section 7.1.3) thereby increasing its stiffness as
a function of aging time. ">

5.5, Fracture and Fatigue Behavior

Having discussed the stress—strain response and mechanical
stability (e.g, strength), one other important mechanical
property is the fracture failure (or membrane’s resistance to
it, i.e, toughness), which has not been investigated except for a
few notable recent studies. Fraction failure is studied in the
context of membrane lifetime, and thus this topic can be
considered part of fatigue-failure and defect initiation and
propagation process in PFSA membranes, as recently discussed
by Kusoglu and Weber.™™ In fact, as discussed in section 7.1,
the mechanical failure in PFSAs cannot be isolated from
chemical degradation and aging, during which the PFSA
mechanical behavior and properties of change signifi-
cantly 201 93319487,724-725

Here we briefly highlight the recent findings on PFSA’s
fracture energy,'w”;”'of"’"0" tatigue behavior,””* and toughness.
While the determination of fracture energy in ionomers is not
trivial and difficult to determine, toughness can actually be
estimated from the total area under the stress—strain curve,

which yields the deformation energy (ie, /Ogbmk o(e) de). The

first set of studies on fracture behavior was by Li et al.”™"* and
Patankar et al.”” who reported a comprehensive set of data on
the critical strain-energy release rate, G, or fracture energy, of
Nafion and reinforced PFSA membranes using a “knife-slit
test”. Their findings suggest that the fracture energy of Nafion
decreases with increasing humidity and/or temperature.
However, the temperature effect on the fracture energy is
larger than the humidity effect,””” which almost vanishes in the
highest temperature range investigated (up to 80 °C).
Interestingly, in liquid water, the fracture energy of the
membrane decreases significantly such that a smooth humid-
to-wet transition of the data and the corresponding hygro-
thermal master curve could not be obtained.”®” This rapid
transition in the fracture energy of the membrane upon
immersion in water is consistent with the observations on the
semicrystalline-to-hydrogel-like transition in Nafion’s stress—
strain behavior.”*>”™" Tt must also be noted that the effects of
liquids and humidity on yield strength (controlling the shear
plasticity) and fracture energy (controlling the ruptare through
crazing plasticity) are different in nature: From 50% to 90% RH
at elevated temperatures, the fracture energy for Nafion
decreases by 15 to 20%,”"" while the yield strength decreases
by more than 60%.”” For example, the fracture energy of a
Nafion 211 membrane was reported to be between 450 and
550 J/m* (0 to 90% RH) at 50 °C, compared with 350 to 400
J/ m® at 80 °C.""" These values are shown in Figure 4%c along
with toughness (from the stress-strain curve), and both
properties appear to decrease with hydration. More recent
studies reported that tearing energy (2 to 3 kJ/m*) decreases
when H" is exchanged with other cations,”** in striking contrast
with their effect on increasing the elastic modulus.
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Similarly, fracture behavior is history dependent as a recent
stadied demonstrated that peel strength (i.e., the stress required
to separate (peel off) a bilayer Nafion hot- pressed specimen)
increased with hot-pressing time and temperature.”*® Also, the
tracture energy is direction-dependent, especially in reinforced
PFSAs, which exhibit higher toughness perpendicular to the
preferential orientation of the chains (e.g, machine or
reinforcement direction). These findings reinforce the idea
that toughness and strength are not always correlated, especially
in PFSA membranes where hydration and electrostatic effects
are present; care must be taken when the mechanical stability of
the membrane is characterized by modulus alone, as usually
done in most studies. In fact, this idea was utilized recently by
Kim et al,'*” who demonstrated that the improvements in
mechanical stability of PFSAs cast from different solvents can
be best cha{acterlzed by mechanical toughness.

Li et al.”™ investigated the ex situ fatigue response of PFSA
membrane under biaxial loading using pressure-loaded blisters
and stress-at-leaking as the failure criterion. They obtained
typical fatigue-lifetime curves that consisted of a crack
formation-dominated zone at high stress levels and a crack
propagation-dominated zone at low stress levels. In the crack
formation-dominated zone, cyclic stresses have been found to
decrease faster than in the propagation-dominated zone, which
is attributed to crack/craze formation.”” Crazes in polymers
are regions of a highly localized yielding zone that nucleates and
grows in regions with stress concentrations such as crack-tips,

1054

pinholes, and surface defects, when the hydrostatic tension is
sufficiently large. Crazes form usually behind a defect by
localized fibrils that are nucleated from voids and stretch under
tension, which temporarily holds the crack, but then breaks,
resulting in a cleavage similar to crack propagation (see
Kusoglu et al.™" and refs therein). Thus, craze growth can be
considered as a precursor to crack propagation in PFSA

FETIS . ' .
membranes, ™ in line with observations from stress-cycling and

S5, 705,732 ..
73 However, the in situ effects (e.g,

tatigue-failure tests.
chemical degradation during cell operation and local
imperfections) could further accelerate the failure by degrading
the intrinsic properties and opening new surfaces at the
membrane interface. One strategy that has been shown to be
effective at improving mechanical toughness and fatigue-
litetime is reinforcing the PFSA membrane with ePTFE fibrils

BR287T35,7 . -
2.1), 7357 ywhich has been discussed to act

(see section 7.2
as an effective blunting mechanism slowing down the

propagation of cracks by creating a higher resistance to craze

formation. ° This is consistent with the higher fracture
o and delayed

formation of cracks/ crazes during fatigue tests,

13,70

energy of reinforced PFSA membranes,”
* and in
numerical simulations.”” This increase in fracture energy could
be attributed to strength of the ePTFE fibrils within the crack

g - L 154,733,736
tip inhibiting craze formation. ™ """
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Figure 46. Impact of thickness on properties of PFSA thin films; conductivity and activation energy, contact angle,
rE £,
T water

fraction of hydrophilic area,”* conductive AFM," QCM (water uptake),"™*™*™»7™ ellipsometry (thickness swg]ling),‘q e
diffusivity ** and permeability,”*” and modulus measured with bucking™ and cantilever beam bending methods,”*® as well as TEM images.”*’
Legends are the same for QCM and Ellipsometry data, and open and closed symbols correspond to unannealed and annealed films, respectively (see
also Figure 47). Bulk values and deviations from them are depicted as shaded areas and arrows, respectively, based on values reported and discussed
throughout this review. (TEM images reproduced from ref 747. Copyright 2013 American Chemical Society.)

&, THIN FILMS AND INTERFACES substrates to form heterojunctions.’ ™' As the ionomer
enters the thin-film regime, its properties are influenced by film

thickness and become sensitive to specific substrate inter-
1S, 300,493,744, 745

PFSA ionomers have been continuously studied as a “bulk”
membrane (e.g, PEM) with a thickness on the order of
micrometers (25 to 175 um); yet, increasingly important, but
less explored, is the role of ionomers as thin films and the
interfaces they form within composite structures (e.g., electro-

actions. In recent years, significant effort has
been expended toward understanding PFSA thin films,

primarily Nafion ones, which exhibit reduced transport

des where they interact with catalysts)."”” ™77~ 1y PEFC properties compared to those of bulk films due to confinement
catalyst layers, ionomers are found as nanometer-thick “thin effects when the film thickness approaches the characteristic
films” binding the catalyst particles together and facilitating do mgln” $iz e o t ,{,twh/e,, ionomer (i.e., order of
proton transport through the layer and gas and water transport nm), ORI ASIEEOTHLTCTEE The  magnitude of these
to and from the catalytic sites.”” 17T T Gilagly, reductions change with several factors, including processing
in solar-fuel generators, they interact with semiconducting conditions (treatment), thickness, substrate type, and operating

1057 DO 10102 1 /acs.chemrev 6200159
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Au substrates, compiled from the literature (refs 487, 483, 679, 746, and 752) and (c) change in swelling upon thermal annealing of thin film shown

for spin-cast and self-assembled films (from ref 4432).

environments (e.g, humidity), resulting in a wide material-
parameter space that remains to be explored fully in order to
elucidate the governing and dominant interactions and
phenomena (Figure 43). O ASLETE T TASTEL TS

Thin-film confinement is known to affect the phase behavior
of uncharged block copolymer systems.”™"** In thin films,
surface interactions and confinement can cause anisotropy in
domain orientation and pose significant limitations to self-
assembly. Even though confinement effects in polymer films
have long been of interest, films of naturally phase-separated
ionomers, such as those used in PEFCs, have gained attention
only recently, especially i he past few
years, AR AIGTEEE0,739,043, 744, P16 % This interest
has been driven primarily by two needs: (i) to understand
the surface morphology and interfacial properties of bulk
membranes, where the ionomer is believed to form a distinct
layer and act more like a thin film (see sections % and 4) and
(ii) to understand the formation and behavior of ionomer films
in PEFC electrodes,'77_!W"‘%’7';’3’7“’761 and other microflaidic
devices.'

PFSA thin films are prepared by casting a diluted dispersion
onto a model substrate via various methods (spin-casting, self-
assernbly, drop-casting, doctor blade, etc.), followed by thermal
treatments. Thus, the PFSA thin-film structure/property
relationship is affected by the processing methods as well as
the specific substrate interactions. The key aspects of thin films,
their preparation, and traditional diagnostics are illustrated in
Figure 45. It is evident that there is a large parameter space
including solvent, concentration, drying conditions and post-
treatments, substrate (interactions), as well as confinement
(thickness) that governs the structure and properties of PFSA
thin films. To probe these thin films, techniques such as quartz-
crystal microbalance (QCM) and ellipsometry for weight and
thickness change, respectively, are used and grazing-incidence
X-ray scattering (GIXS) experiments and neutron reflectivity
(NR) for morphological characterization (see Figure 45).

Due to challenges with the direct measurement of transport
properties, most stadies rely on swelling measurements
supplemented by nanostructural characterization for under-
standing ionomer thin—film functionalities. Table 14 summa-
rizes the current studies on PESA thin films, along with sample
preparation and thicknesses used, and the key findings. Overall,
these recent studies have consistently demonstrated that as the

thickness of a Nafion thin film approaches 10s of nanometers,
significant deviations in its properties occur compared to a bulk
Nafion (membrane), yet the magnitude of these deviations

1058

largely depends on the thickness and substrate, as highlighted in
Figure 46. Both dynamics and static properties are impacted.
Compared to bulk membrane, Nafion films of ~100 nm or
thinner have been shown to exhibit reduced swelling, water—
uptake amounts and rates, 29560487 3APAETT44,7 46,7i9,751,752,

reduced ionic conductlvxty and increased activation en-
579,680 4,747,751, 563,764

ergy, lower water diffusion
129,492,494, 748,752,765 T o6 1
rates, > A HABTELTON T vwer intrinsic permeation, higher
208,705 oo 490,781
modulus,”™ """ and lower oxygen permeability.””*" These

trends are exacerbated as the film thickness approaches 20
m, BATARIATLELTATSTTE o6 shown in Figare 46 (also see
Tablz 14). Confinement, along with the substrate/surface
specific interactions affect the molecular ordering of the
backbone chains as evidenced from FTIR,” NR,A‘\)‘%’TE‘;"}’?’{"“’
and GISAXS'™'* data, where orientation of the backbone
chains and ionic domains resulted in reduced water
uptake™” 7752 and transport processes.”™ 7L AT of
these observed limitations in transport properties can be
explained by the thin film’s reduced swelling and morphology
with more anisotropy and a less well-defined phase separation.

&1, Swelling and Sorption Behavior

There are various techniques that could be used for thin films
in terms of thickness and mass changes including profilometry
and AFM, that probes thickness profiles via surface mapping as
well as X-ray scattering, although the most prevalent are QCM
and ellipsometry and are discussed in detail below. QCM
measures the mass change or solvent uptake of a thin film on a
substrate and ellipsometry infers the thickness swelling, AL/L,,
by measuring the change in the optical response of the thin film
(Figore ~E~w) PFSA thin films’ mass uptake can be characterized
by QCM,*7#2TETITIRINTE 5 accurately described by the
Sauerbrey analysis, where Nafion films of less than 600 nm
show no dissipation or viscoelastic losses.” """ Ellipsometry
data on the other hand provides parameters such as the
refractive index of the material, which must be modeled for the
specific conditions. To do this, a Cauchy model is often
employed®™”"*

B
ﬂ 2

wave

C
)L 4

wave

n(4 A+ +

wave) -

(64)

where 1{4,,,.) is wavelength-dependent refractive index and A,
B, and C are coefficients determined through the data
modehng Elhpsometry and QCM measurements can be
compared ™’
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where the (partial) volume of mixing V, reflects the

contribution due to nonideal mixingz"3 and m is the swelling

dimension, which is usually assumed to be 1 for thin-films as
they are confined on the substrate and swell only in the
thickness direction.”™*"*"**"** This value shifts toward 2 as
the thickness increases over 200 nm, perhaps due to the fact
that some lateral swelling occurs or there are factors not
accounted for in the ellipsometry thickness analysis. A
dimension of m = 3 should eventually be reached as the
ionomer reaches the “bulk” regime. As for V_, it is known that
at least for bulk membranes, the partial molar volumes change
as a function of hydration due to the mechanisms of solvation
and swelling, although with relatively minor effects at higher
hydration levels (see Section 2.4).2"% A recent investigation
showed that the contribution from nonideal mixing is negligible
(Vi & 0) if 1-D swelling is assumed (m = 1) Physically, the
low volume-of-mixing effect perhaps indicates that confinement

impacts the solvation process in the ionomer, which is also
evident from the shape of the thin-film uptake isotherm (Figure
47), which appears to lack the primary solvation regime
(compare to Figure 7) at low RH (ie, Langmuir regime
discussed in section 2.1 for bulk PFSAs), and warrants further
investigation. The thin-film uptake curve exhibits lower water
contents for a given RH than for a bulk membrane. This is
especially apparent at higher RHs, where the water uptake is
driven by entropic effects and not primary solvation.*>****%*
Thus, it is likely that confinement effects that reduce the
swelling of ionomer thin films also change the nature of the
associated water (i.e, whether it is strongly bound to an ionic
group or freely moving). Overall, the qualitative trends between
QCM and ellipsometry are consistent, with the latter being
more commonly employed as it works on any substrate, albeit
with the caveat of using the correct model for the data

L 74T
analysis.

1059

Due to the large number of parameters controlling ionomer
thin-film behavior, the impact of each parameter must be
investigated by carefully accounting for its interrelation with
other parameters. Thus, even though an overall decrease in
swelling is observed due to confinement effects, the reality is
more complex due to the interplays among confinement and
substrate, casting (processing), and ionomer chemistry. The
current state of understanding of confinement-substrate-
processing interplay can be summarized as follows: #5576
(i) impact of processing depends on substrate; for example,
swelling of self-assembled thin films is higher than spin-cast
films on gold but the opposite is true on carbon, which may be
due to the substrate-specific interactions changing the
adsorption of the Nafion colloids from the solution to the
substrate during film formation. (i) Thermal annealing reduces
the swelling of thin films and increases crystallinity, similar to
its effect on bulk membranes, although the impact of annealing
is substrate dependent where it decreases with decreasing film
thickness on gold but increases on carbon (see Fignre 47¢),
perhaps owing to the stronger sulfur interactions with gold than
carbon. Also, the annealing-driven decrease in swelling of self-
assembled films demonstrated a weaker dependence on
thickness compared to spin-cast samples. It appears that the
thinner films on metallic substrates (Au and Pt) are possibly
pinned to the surface and cannot rearrange under the thermal
conditions, which is supported by the GISAXS patterns
discussed below.*™ Hence, when it comes to the annealing,
processing and substrate effects, the latter could dominate the
overall ionomer behavior especially when strong interactions
exists between the substrate and the very thin ionomer film.
Such interactions also drive the changes in T, and
modulus,”®” which alter the effect of the thermal treatment
process. Paul et al.”* reported that annealing makes hydro-
philic thin films more hydrophobic, thereby altering the surface
(Figure 46). However, such surface alteration is more restricted
in ultrathin films (~10 nm), which require more thermal
energy for annealing and therefore a higher annealing
temperature. This could explain why the impact of annealing
on thin-film swelling changes both with thickness and substrate
(interaction). Also, the fact that conductivity decreased more
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upon heat-treatments than does the swelling reveals the key
O3, TR, T84
role of morphology and interactions on transport.*™> """

6.2, Morphology, Interactions, and Properties

Recent studies have demonstrated that confinement effects and
wetting interactions result in different morphology for thin
films compared to bulk PFSAs as shown by various techniques
including grazing-incidence small-angle X-ray scattering (GI-
SAXS), E2eTSaMARSTITTIE haytron or XR reflectiv-
ity, 71675760758 TEN ™ XPS 5772 cryo TEM tomography, ™™
fluorescence,”*® AFM, 533744247, 562= 764,075,774 (e o
angle,‘wzﬁs1’7(‘2’7“ PM-IRRAS,"*” FTIR,” and positron
annihilation,™” as summarized in Table 14. GISAXS (Figare
4%) and NR in particalar have been shown to be extremely
useful to investigate the orientation and spacing of the
nanodomains at and below the thin-film interfaces (free and
substrate) P TASFERTITISTE Models obtained from fitting
the NR data on Nafion thin films suggest evidence for a
hydration-dependent multilamellar nanostracture at the film/
substrate interface, where alternating layers of water-rich and
polymer-rich domains form.”*"™*® Especially on hydrophilic
substrates (such as SiQ,), excess water is observed at the
substrate /film interface, forming a water-enriched surface with a
water-layer thickness of 1—3 nm.”**"**”" Such ordering at the
interface is believed to propagate a significant distance (10s of
nm) through subsequent layers in a thin film, inducing a locally
ordered structure with alternating layers of SO;-rich hydrophilic
domains and fluorocarbon hydrophobic domains (Figure
49) M BRTEOTOLTIETIS A recent FTIR study on a PFSA thin
film™ documented different polarization in and out of the
plane, with enhanced z-polarized electric field in thinner films
indicative of chain alignment parallel to the surface. Such
molecular ordering transitions around 50 nm and was impacted
by the process of spin-casting,

The preferential domain alignment is strongest closer to the
interface, albeit dependent on the substrate interactions, and
disappears along the successive layers toward the film
surface.”*®780,788,776 (Figuve 49). Such changes in film
morphology with the substrate, along with the impact of
thickness and humidity, were also witnessed in GISAXS
studies.™*™ Typical GISAXS patterns for Nafion films (of 90
+ 10 nm thickness) on various substrates are compared in
Figure 48 and analyzed as illustrated in Figure 45.

Despite the more complex nature of GISAXS analysis
compared to transmission SAXS, due to reflections from the
substrate, it has been shown to be a powerful technique for
polymer thin films.””" Several features are salient from the
GISAXS data on PFSA thin films (Figuwe 48): (i) a scattering
half-ring (i.e., at g = 1.5 to 2 nm™') indicating phase-separation
similar to bulk membranes; (i) the scattering ring grows
inward and becomes more intense with hamidification, "%
reflecting the swelling of the hydrophilic domains from d = 3
nm (g = 2x/d ® 2 nm™") up to d ~ 4.5 nom (g & 1.5 nm™")
from ambient humidity to saturation. (iii) patterns exhibit
stronger anisotropy as the film thickness decreases. This is seen
from the different intensity profiles parallel (I—qp) and
perpendicular (I-g,) to the substrate (Figure 48), with the
latter giving smaller hydrophilic d-spacing, indicative of stronger
packing parallel to the substrate®® (see Figure 49). (iv) Peak
intensity, and therefore the degree of phase separation—
quantified by the full-width half-max (fwhm) of the peak—
decreases with film thickness and almost disappears for
altrathin  films."™*®*7* These observations are also in
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accord with reduced crystallinity in thinner films,”** which
become less sensitive to annealing because the chains become
topologically confined as the film thickness approaches the
crystallite size. Thus, similar to the trends observed with
swelling-related properties shown in Figure 46, as the film
thickness is reduced below 50 nm, ionomer films begin to
exhibit weaker phase separation. This is shown through a less
well-defined ionomer peak in GISAXS,*™**7*" more mixing
of smaller jonic domains as observed by TEM (Figure 46),"""
and AFM,"* and a change from hydrophobic to hydrophilic
film surface. """

One consequence of these structural changes and ordering is
reduced transport properties. For example, swelling kinetics of
thin films have been shown to yield time con-
stants ™ A Gimilar to those found for the interfacial
transport of bulk membranes (see section 4.1.5), thus revealing
the interfacial nature of thin films. However, one must bear in
mind that correlating kinetic effects with confinement and
surface interactions is not straightforward, especially when
probing transport parallel or perpendicular to the substrate.
This is because swelling kinetics is strongly intertwined to
dynamic processes of morphological changes, such as formation
of interfacial layering.”™ In general, there exists a strong
interplay between the film morphology and transport proper-
ties, as dictated by confinement and substrate interac-
tions. #7957 97ES Wihen confined to thin films, Nafion not
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only exhibits lower diffusion, HIRISSTES Bt also a few

orders of magnitude slower relaxation, suggesting more
restricted chain dynamics."™ Reduced conductivity in thinner
PFSA films can be associated with decreased water uptake
(QCM),( 79734 and the number of condacting sites (from
CAFM),”™* as the conducthltyi relationship was shown to
extend to the thin-film regime.”” Similarly, oxygen-t nsport
resistance was shown to increase in thinner films.*7#7 77
For example, Kudo et al™*""™ showed that the reduced O,
permeation in thinner films exhibits a thickness dependence,
which is governed by the surface interactions of the film,
especially at the Pt/ionomer interface.

From GISAXS, comparison among substrates reveals a more
well-defined and semicircular ionomer peak on silicon and
carbon than on gold and platinum for nominally the same
thickness. In addition, the substrate seems to have a stronger
impact on nanostructural anisotropy (domain alignment) than
on domain spacing. This substrate-induced ordering may be
due to the way the polymer interacts with the substrate surface,
in agreement with the substrate-dependent impact of annealing
mentioned above. Similarly, compared to self-assembled films,
spin-cast films exhlblted a lower g value and a more ordered
ionomer peak,'” due possibly to the fact that the self-assembly
process is governed more strongly by the interaction of
dispersed colloids with the substrate surface. This concept also
agrees with the more defined structure after annealing with self-
assembled films.

The nature of the substrate, including possibly surface oxide
layers (e.g., SiO, and PtO), 1s crmcal tor determining thin-film
morphology and response.”™ "> For example, wetting
could occur on a hydrophlhc substrate even in the absence of a
film creating a monolayer of water molecules’”* leading to
anomalously high water- uptake in the ultrathin films, but not
on Au or Pt substrates.””* Thus, compared to a hydrophilic Si
native-oxide surface, films on hydrophobized Si substrates
exhibited less water uptake and strong structural anisotropy
with domains parallel to the substrate.*®” On carbon, the nature
of the substrate becomes critical as well***%»7 7575 Aging
of carbon was shown to cause surface oxidation and
rearrangement, concomitant with reduced film thickness and
irreversible sweHing.WES Also, when the carbon surface is
hydrophobic, the ionomer’s adsorption occurs via its apolar
CF-rich chains, whereas hydrophilic carbon preferentially
interacts with the polar SOH groups.”” Similarly, on a highly

oriented pyrolytic graphite (HOPG) surface, aggregates of

PFSA were shown to be randomly absorbed and formed an
ordered morphology at the interface.”*” The favorable
interactions between SO;™ groups and a hydrophilic substrate’s
polar groups, AR IATIATO becomes strongest on a Pt
substrate.”™™ " Yet, in contrast to GISAXS data showing
stronger substrate-induced morphological changes on Au and
Pt,"” some NR data indicated lower affinity of —SO,~ . groups
on Au and Pt compared to more hydrophilic SiQ,.” "™

Nevertheless, PESA(—SO,H) /Pt interactions were substan-
tiated further by electrochemical cell studies to elucidated the
effect of electrochemically formed water and oxide-layer
formation on ionomer film behavior, ™" 73H7INTHSTINTEIZI
Even though Nafion could form an interface adjacent to a Pt
substrate, it becomes hydrophilic when in contact with a PtO
surface, causing a long-range restructuring of its chains, which
was accompanied by the restrictions in SO vibration mode,
changes in ionomer structure, 02, 758755,7%) 7 and transport
therein. ™77 7% DEGA /Pt interactions were shown to be
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reversible during Pt-oxide formation and reduction such that
adsorption of PFSA moieties on the Pt surface weakens and
disrupted if surface oxides form (e.g, due to applied
potential).” > 71" Thege studies confirmed the high
chemical affinity of sulfonate ~SO;™ groups to the Pt, which
was also suppmted by FTIR,”*"** XPS,”™ PALS,*"* and MD
stadies.”™* ™" Subbaraman et al.”*" explained the adsorptmn/
desorption of the SO;” onto/from the Pt by the balance
between an electrode metal spring (Pt-SO;”) and ionomer
spring (backbone-SQO;-cation). With increasing potential, SO;~
approaches Pt, as the Pt-SO;” interaction dominates the
cation/anion interaction within Nafion. For the same reason,
for other cations that interact more strongly with SO;7, a
higher activation potential is needed to adsorb the cations onto
electrode surface.™ Thus, in essence, SO, responds to electric
potential like single counterions (i.e., forming an electric double
layer),”* and affects the backbone (orientation) through the
flexible side-chain.”™”"**™" These interactions also change the
nature of interfacial water, some of which are relocated to Pt,
thereby reducing the hydration of the sulfonate layers (i.e., less
H,0")™" and hydrogen bonding.”*' Hence, even though
interfacial water is present on Pt substrates, it is distinct from
that on SiO, in that it is part of an electrochemically active
dynamic layer.”™

The above substrate- spec1ﬁc changes are in accord with
simulation results,”7**7 confirming the key role of affinity
of water to the substrate in an ionomer’s molecular rearrange-
ment that affects the morphology”™® and surface hydro-
philicity.*”7 "% Ag such, the contact angle of water on
Nafion thin films also changes, decreasing from 100° to almost
0° around a critical film thickness, L. = 50 to 60 nm, and then
goes up to 20° f01 a 4 nm film, as demonstrated by Karan and
co-workers™ 777 (gee Figure 46). Below this critical
thickness, the film surface is more super hydrophilic and
becomes more hydrophobic as the thickness increases toward
bulk-like values (L > L_). The hydrophilic nature of thin-film
surface was also confirmed by PALS, showing a SOj-rich
surface,”™ and NMR,*™ which demonstrated that the local
hydrogen-bonding structure of a 10 nm filim is water-rich with a
high dissociation of protons and exhibits no further change in
"H chemical shifts and mobility with temperature.*™ This is in
marked contrast with a 160 nm film, which behaves more like a
bulk membrane with a temperature-dependent proton mobility,
and thus does not suffer from the kinetically trapped state with
limited mobility that ultrathin films experience.™ A note-
worthy observation is that L decreases as the film is annealed
at higher temperatures (T,,,); from L, = 55 nm to L., = 10 nm
(for Ty, = 110°C) and to L, = 4 nm (for "o = 146 °C), with
the films annealed 160 °C exhibiting hydrophobic surfaces,
regardless of the thickness.”*" However, once the annealed film
is exposed to liquid water, it becomes hydrophilic again,
revealing a surface reorganization that can be switched by
means of surface treatment with water and temperature.”>' The
fact that switching of the surface wettability from hydrophilic to
superhydrophobic requires a higher annealing temperature for
thin(ner) films, indicates the highly testrictive mobility of
Nafion as its confinement increases drastically. In accord with
changes in morphology, conductivity also decreases with
thermal annealing accompanied by a reduced surface rough-
ness, """ the impact of which, however, diminishes for very
thin (10 nm) films, which exhibits minimal rearrangement in

759
response to heat-treatment processes.
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When water-enriched surfaces form near the substrate, it
could be easier to solvate SO;” groups, with less impact on
ionomer backbone, or lower energy cost on its deformation (as
evidenced by the availability of non H-bonded water™®").
Hence, the overall distribution of polymer chains (and SO;~
groups) and sulfonate groups are controlled by both the film/
surface and film/substrate interactions, which are expected to
change with film thickness (Figure 49). In such a confined
geometry, the polymer chains do not have sufficient energy to
orient themselves randomly as they do in a bulk volume, and
therefore exhibit preferential alignment, thereby impacting
transport of jons, ST (e 1SASTASS 44T
gases. "V TIHINTIE A number of recent studies agree on
tormation of a partially ordered ionomer domain structure
closer to the film/substrate interface, 0% "543748740,762765
albeit with a strong substrate dependence.”
Such alignment in confined geometries is possible in light of
recent evidence on the locally flat, ribbon-like morphology of
PESA™* (shown in Figure 21 and discussed in section 3.1). In
fact, a recent study demonstrated that the growth of water
domains in a thin film (inferred from GISAXS peak, d(4)/ ddry)
scales with thickness swelling (L(4)/ Ly, trom ellipsometry) in
an affine manner, as expected from locally flat domains. The
fact that a bulk PFSA ionomer exhibits nonaffine swelling
(Figure 20d) indicates that at longer length scales, the jonomer
can be considered a mesoscale assembly of locally ordered
domains (like thin films), resulting in a multiscale swelling
phenomenon (see section 3.2). As such, the anomalies in
structure/swelling correlations must be interpreted within the
context of a mesoscale water network, which is disrupted below
a critical thickness, i.e., when the ionomer is confined with
preferential ordering. Moreover, any preferential alignment is
expected to result in stiffening, which was evidenced by
fluorescence showing antiplasticization’*® and correlates to the
observed increase in the modulus of thin films.”” These
changes are consistent with the reduced water uptake due to a
stronger mechanical force in the mechanical/chemical energy
balance that controls swelling and uptake. In fact, by exploiting
this phenomenon and chain orientation in thinner films,
confinement-driven stiffening of the PFSA modulus was
reproduced (as shown in Figure 46);”"" it should be noted
that this change in mechanical energy is due to chain alignment
and not crystallinity as is the more common case for bulk
membranes. However, with a further decrease in thickness
below 20 nm, the lack of structure or phase separation is
accompanied by increased swelling as the ionomer exhibits
more or less a dispersion-like behavior (Figure 44). Thus, the
balance between the transport and mechanical properties,
driven by the hydration-induced phase-separation of the
ionomer, appears to exist even in the thin-film regime.

In summary, based on the cuarrent status of PFSA thin-film
research, from the overall trends in Figure 46, three thickness
regimes can be identified: (I) a bulk-like regime (from ym to
100s nm) where the ionomer film behaves like a bulk
membrane, (II) a thin-film regime where confinement-induced
changes are observed in the structure/transport properties
resulting in reduced swelling, limited transport, and anisotropic
nanostructure in which the specific interactions between the
ionomer moieties and substrate induces additional changes in
morphology, including local ordering of the domains at the
substrate/film interface, and (II1) an ultrathin film regime with
dispersion-like behavior for the thin(ner) films of less than 15
to 20 nm thick, where the ionomer begins to lose any

02,360,493,744,768
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confinement-driven changes due to the reduced phase
separation between hydrophilic and hydrophobic domains
and decreased hydrophobic-domain elastic forces, which tend
to prevent dissolution of the ionomer.”*” Although the
transitions between these regimes are not well-defined, there
appears to be a critical thickness of 50 to 60 nm, around which
confinement effects manifest themselves even stronger as
discussed above (e.g, refs 48, 493, 679, 744, 746, 751, 761, 764,
767, 770, and 771 and Figare 46). It must be noted that this
critical thickness (or transitions between regimes) could change
in the presence of other effects, such as annealing and substrate
interactions, and additional deviations might occur for
properties that may be dominated by larger-scale morphological
reorganization, such as diffusivity, permeability, and mechanical
properties. Thus, for a given substrate, one would expect that
EW, annealing and substrates all play key roles in regimes (1)
and (T11), by controlling the hydrophilic-domain interactions
with the substrate, and hydrophobic-domain forces via the
main-chain (via EW and crystallinity). Reducing the EW should
result in better phase separation and domain orientation by
enhancing the favorable interactions between the ionic moieties
and the substrate.”® Also, for regime (III), QCM and
ellipsometry data deviate the most, suggesting that the swelling
and water-uptake processes are more complicated due to
presence of additional mixing effects and water layers at the
substrate interface dominating the film behavior.

&3, Implications

A thin-film’s internal and surface morphology could pose
significant limitations to transport and overall device perform-
RRSTSCAATIATIGTEL Gimilar  transport  limitations be-
tween the naturally occurring films of Nafion in PEFC
electrodes™ ' 79 #®TASTINTE 40 d Nafion thin
filmg *#HTATIETEIOTE agest that thin films can be used as
model systems to investigate and model electrode ionomers, as
highlighted in recent perspectives.””” '™ Key for electrode
performance is good oxygen permeability with adequate proton
conductivity across/through an ionomer thin film on and
between carbon/Pt agglomerates. As both transport properties
deteriorate for nm-thick films, understanding the structure/
transport properties therein is of great importance. As discussed
above, such transport resistance, while being driven by the
confinement, is also impacted by the ionomer/Pt interaction,
with structural ordering through chemical affinity of SO;~
groups onto Pt, which is mitigated by the water at the
interface. Although, one strategy that may work for overcoming
transport limitations in electrodes is using PFSAs with higher
IECs and different side-chain chemistries, their structure/
tunction relationship in thinner films is yet to be explored, in
particular for properties such as ion conductivity and gas
permeability. For example, a recent MD study reported that
increasing the side-chain density enhances the H-bonding and
charge-dipole interactions, which impedes water mobility and
its self-diffusion.”” Understanding the impact of ionomer
chemistry on transport mechanism in the presence of
confinement and substrate effects is among the challenges
that need to be tackled. Moreover, application of some of the
techniques that probe water dynamics in ionomer interfaces
and thin films is yet to be demonstrated. Similarly, it should
also be noted that polymer chains could have more
conformational freedom in the plane, where their mobility is
likely to be less restricted compared to that perpendicular to
the nearby substrate. Thus, the impact of morphological

ance.
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Figure 50. (a) Chemical degradation of PFSA ionomers with generally accepted chemical decomposition scheme and reactions. (b) Impact of
combined chemical and mechanical stressor controlling the failure mechanism in PFSA membran{es."OJ (For discussion on mechanical stressors, see

section 5.3). The information here are compiled from various references.

11,12,208, 726,797, 801,504,506

changes on transport is largely dependent on the direction in
which the mechanism is probed. For example, a DPD model of
a 5 to 10 nm thick Nafion on carbon demonstrated anisotropic
diffusion; higher along the film, lower in thickness direction,””
in agreement with the morphological changes discussed above.
Also, since a higher level of complexity is present in ionomer
thin films due to the presence of electrostatic interactions
arising from ionic groups responsive to environmental
conditions (i.e, humidity, pH, and ionic strength), wetting
interactions and thin-film confinement have significant effects
in the dynamics of the ionomers’ hydrated structure under
operation. Thus, additional studies are needed to understand
how in-operando stressors such as electrochemical potential
impact thin-film morphology and properties of interest.

7. OTHER TOPICS

The various sections above explore the intrinsic properties of
PESAs, from which it is clear that there are a variety of trade-
offs. In this section, we explore some topics of interest that are
becoming more relevant and explored and that touch on
aspects reviewed in the previous sections. In particular,
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darability and stability are reviewed from both chemical and
mechanical degradation standpoints, the impact of additives on
PFSA properties and response (i.e., composite membranes),
and other cationic forms.

7.3, PFEA Stability and Durability Issues

Most electrochemical devices operate in aggressive hygro-
thermal and chemical environments, especially at higher
potentials, which affect the ionomer’s integrity. The complex
interactions between the chemical and mechanical failure
modes in these devices make it important, yet challenging, to
understand the relationship between different stressors and
dominant failure modes. Despite their intrinsic chemical and
mechanical stability, PFSAs are by no means immune to aging
and degradation. There are a multitude of issues to address
pertaining to durability of PFSA membranes;' "' >******* here
we briefly summarize the degradation mechanisms affecting the
stability of PFSAs. Overall, the issues regarding stability of
PFSA membranes can be listed as

i. Contaminants (i.e., impurities, trace radicals, and foreign

cations)
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ii. Hygrothermal aging with time (at constant humidity and
temperature) inducing morphological changes in the
membrane

Chemical degradation in the form of chemical decom-

position of PFSA main chain and side-chains

Mechanical stability, which manifests itself when the

PFSA membrane is under stress, which is either

externally applied (compression or stretching) or, more

commonly, internally generated, when the membrane is

geometrically constrained within a device platform (e.g,

PEFCs or similar electrochemical devices)

. Thermal stability, which is a measure of membrane’s
resistance to thermal decomposition at elevated temper-
atures (>200 °C), which triggers decomposition of PFSA
similar to chemical degradation

. Other stability factors include, but are not limited to,
exposure to UV light and X-synchrotron X-ray induced
damage, which, for example, was shown to initiate main-
chain cleavage and reduce mechanical stability (by >10%

after 60 s of X-ray adsorbed at a rate of 0.63 mJ cm™
— 172
)

il

iv.

It is worth noting that these factors and stressors are
interrelated and often functions of the environment and each
other, as well as impacting one another through their effects on
morphology and related transport properties (Figure 1).
Moreover, even though some of these stressors are naturally
occarring (such as storing a PFSA membrane in humid
atmosphere that contains trace amounts of contaminants), their
real impact is realized when the ionomer is used as the solid
electrolyte, where a combination of these stressors simulta-
neously occurs. Also, as discussed in the previous sections, any
parameter controlling the structure—property relationship of
PFSA is expected to influence the impact of these stressor (e.g.,
thermal history of the membrane, EW and side-chain chemistry,
environmental conditions (see Figure 5), etc.). Finally, it
should be noted that these factors are often explored at the
device level through accelerated stress tests (ASTs) that
enhance one or two stressors to delineate their specific
impact,' 77T This also allows one to  analyze
synergistic behavior (e.g, combined chemical and mechanical
degradation in PEFCs probed by humidity cycling or
membrane and electrodes under hydrogen/air conditions).

7.1.1. Chemical and Mechanical Degradation. PFSA
ionomers can chemically decompose via chain-unzipping and/
or chain-scission mechanisms due to attack by trace radical
species, which can be generated during cell operation. In
addition, they can also fail due to the loss of mechanical
integrity and pinhole formation, resulting in shorting of the cell
due to lack of reactant or electrode (e.g., electronically
conductive elements) separation' '” (Figare 50). Such
degradation has been confirmed through spectroscopic studies

of chemical aging®™"%*"® and degrada-

H TGS including degradation product analysis.

In terms of chemical degradation, the main culprit is hydroxide
radical, ®OH, stemming from decomposition of formed
hydrogen peroxide (mainly due to reactant gas crossover in
PERCs). 26176283, PRS0 ) e formed,
this highly reactive hydroxide initiate a membrane’s chemical
decomposition by abstracting a hydrogen atom from a
petfluoro-carboxylic acid end-group (R-CF,COOH) or from
a hydrofluorocarbon group, as proposed by Curtin et al,'™®

. 2 . F4,175,375,797, 790, 8 802 oy«
reviewed,'* and discussed elsewhere, 't 75370780 SHAECE Ty
7

degradation mechanism is driven thermodynamically by the
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formation of strong H—F bonds and continues by releasing 2
HFs while shortening the backbone by one CF, unit, thereby
unzipping the chain (Figure 50); this process can be monitored
by measuring the fluoride release rate (FRR). In fact, higher
FRRs have been demonstrated to be related to shorter
membrane lifetime in an operating cell, as well as reduced
cell performance.*"'*™77**% Gittleman and co-workers®'
revised the degradation mechanisms using kinetic and
thermodynamic considerations for the decomposition reactions
(Figure 50). In addition, acid sites are also vulnerable to radical
attack, which leads to the degradation/fragmentation of the
ether linkages in the side-chain and eventually results in chain
cleavage. 0077 TTHHILE The strong acidic nature of the
side-chain in a PFSA along with the weak C—S bond create a
probable pathway for formation of side-chain radicals,
degradation of which ultimately leads to the scission of the
main chain'* (Figure 50). This mechanism is more likely to
occur in dry conditions, but it can be propagated under
hydrated conditions via unzipping, which was attributed to the
high residence time of protons on SO;~ groups at lower water
contents (see section 4./—'5-.1).”

Spectroscopic analysis of degraded PFSA by Ghassemzedah
et al.”*”"" and Danilczuk et al.*”! indicated that OCF, groups
of the side-chain are the point of attack for the radicals. The
side-chain degradation is considered to be more dominant in
membranes with reduced —COOH end groups, such as the
new generation chemically stabilized PFSAs.” The chemical
decomposition mechanisms in PFSAs are still a topic of
interest, especially for composite and newer SSC PFSA, and are
examined thorough either in situ cell testing (e.g., gas crossover,
open-circuit voltage (OCV) decay, FRR), a more realistic
measure albeit at the expense of additional complexities (arising
from contamination, leaching, electrochemical stressors,
component interfaces), or ex situ methods (e.g, Fenton’s test
(see Figure 50)). In Fenton’s test the peroxyl/hydroxyl radicals,
formed from H,O, in an aqueous solution in the presence of
Fe*"/Fe** (catalyzes H,0, decomposition), react with the
PFSA and initiate its chemically decomposition. While the
simple Fenton’s test has been proven to be a useful method for
preliminary screening of a membrane’s oxidative stability, and
analyzing the fundamentals of the degradation mechanisms,
it cannot predict the lifetime in in situ cell testing due to
different stressors being present in the latter (e.g, hot and dry
conditions). As such, in cell testing, dry-hot operation and
higher potentials accelerate chemical-degradation rates due to
availability and concentration of radicals among other
things. 0724719796£03,505

To protect the PFSA membrane against radical attack and
increase chemical stability, chemistry and engineering solutions
have been utilized, including capping of the end-groups (e.g,
fluorination) to eliminate attack sites, and chemical stabilizers
(e.g, peroxide scavengers) for hybrid composite ion-
omers.” OV Thege latter stabilizers can  mitigate
chemical decomposition by deactivating the reactive oxo-
radicals before they react with the jonomer chain or even react
with the crossover gases before they reach the other
side.* ™% One particularly effective strategy is to use
transition-metal oxides, such as manganese and cerium oxide,
which scavenge free radicals and neutralize
them.' #"#*95 575 Bor example, cerium cations are effective
at decomposing hydrogen peroxide as the two oxidation states
of cerium, + 3 and +4, play complementary roles in H,O,
decomposition, by reacting first with HOe to prodace water
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and Ce", which is then reduced back to Ce* upon reaction
with H,O, or HOQe 1102814315

HO o + Ce(Ill) + H* — H,0 + Ce(1V)

Ce(IV) + HOO® — O, + H* + Ce(III)

A key issue of this kind of stabilization though is to ensure
the stabilization remains at the appropriate locations and
deactivates the HO® before it degrades the polymer;™™*'* this
is compounded by the fact that the cations can move during
operation due to migration and diffusion (see section 7.3),
resulting in dramatic changes in their distribution in the
membrane during operation.”’* Another way to react the
radicals is to add Pt or similar reactive metal into the membrane
that can decompose the peroxide with the crossover hydro-
gen.xoz,mo,su In addition to metal cations, other additives can
be used but these typically have primary effects in terms of
impacting performance more so than durability as discussed in
section 7.2.

Chemical and mechanical degradation are inextricably linked
as well as coupled to transport phenomena (see section 4.3 and
Figure 30b). As the membrane chemically decomposes,
depending on the operation and dominant stressors, it could
exhibit uniform thinning causing increased overall gas crossover
and/or localized physical defects or pinholes. The degree of
chemical decomposition has been shown to directly influence
the defect sizes and their distribution.””*"'¢ These changes
result in increased rates of crossover,'"*” 6 7 and thus
radical generation that leads to increased chemical degradation
and so on in a runaway-type mechanism that leads to
catastrophic failure.”“*"" "% Thus, any type of defect or
discontinuity in the membrane (e.g, cracks, pinholes) makes
the ionomer (i) chemically more vulnerable to radical attacks
by opening up more surfaces, (ji) mechamcally more prone to
damage by creating stress-concentration sites,’ RIS and (111)
thermally weaker at higher temperatures (close to T,) by
creating hotspots in the vicinity of defects.””****** As noted,
the environmental conditions also impact this by controlling
not only the rates of chemical degradation and radical
formation but also by modulating the transport through the
defects. For example, a small pinhole could fill with water or
swell shut during humid operation, thereby decreasing the
crossover flux.™*""** Although initiated in the presence of
chemical and thermal attacks, membrane defects could
propagate and grow due to mechanical stresses generated in a
geometrically constrained membrane where it cannot freely
swell with solvent uptake. For mechanical stability consid-
erations, it is the dimensional change rather than water uptake
(4) that is important for cydlical stresses under swelling—
deswelling cycles.">*™*"*#7 252> Eyen though swelling and A
are related, it is possible to modify the swelling ratios and
anisotropy for a given RH change (Figure 11), which can be
accomplished with composite membranes (see section 7.2).
Moreover, a defect’s size is related to gas crossover, w0818 an
its impact on performance™’ and durability’** are related to
transport and mechanical properties, respectively. However,
along with chemical structure, both transport and mechanical
properties also change with chemical decomposition, which, in
most cases, reduces the ionomer’s water-uptake capacity and
increases its b_rittlenessv(higher Youngs modulus and lower
break strain®'*7 HHIISTEEISEEEAIE Cguch  changes in
ionomer properties with degradation could make it less
resistant to failure, and provide another means through which

1065

the chemical effects influence the stresses. A rather more
intriguing effect is that of the mechanical stress on the rate of
chemical decomposition as demonstrated by ex situ Fenton’s
test under mechanical forces,*”**® which confirm the
synergistic nature of chemical-mechanical degradation of
ionomers controlling the fate of the defects as discussed in
ref 205. Thus, when an ionomer separator undergoes dry/wet
cycles during operation, whether driven by environment or
electrochemical reactions, changes in transport and mechanical
properties, along with the interplay between the gas pressure
gradients, chemical stressors, and swelling-induced deforma-
tion, all together control the fate of the defect and the
membrane’s lifetime.

7.1.2. Contamination Effects. Contamination with trace
amount of foreign cations can critically affect a PEFSA’s
transport properties and thermomechanical stability. Foreign
contaminants often arise in various devices from balance of
stack or cell corrosion (e.g, metallic bipolar-plate corrosion),
environmental conditions (e.g, salts or impuarities in the
incoming reactant flows), or balance of-system components
(e.g, seal or tubing degradation). 2HIEE 10 terms of foreign
cations, similar to the changes discussed in section 7.3, they
typically imbibe into the membrane and affect local
nlOlphOlO%Y and transport properties. In some cases (e.g, Fe
cations)," ™" they are present in small amount as impurities
and enhance degradation by acting as catalysts; while in other
cases, they are added 1ntent10nally to inhibit degradation (e.g,
cerium cations, see saction 7.1, 1) "2 In small concentrations,
foreign cations can result in significant chan%es in electro-
osmotic response™ ™" and conductivity’"""**** and can
even limit cell performance due to blockage of protons.”****
For example, more than a 50% decrease in conductivity was
reported at levels of 100 ppm of foreign cations due to their
higher affinity than H' to the sulfonic-acid moieties.**>"*
Overall, contamination becomes a critical issue for higher
valence cations (such Fe3+) , which have much higher affinity to
PFSA side-chains than H*.**" As an example, Nafion has higher
affinity for Na" than for H', and with increasing fraction of Na’,
water content, ionic transference number, and conductivity all
decrease, because H' carries more current than Naf,®'*%%
which was shown to occur even at 02 Na'/SO;™ levels of
contamination.*” This higher affinity and hence impact scales
with valence and size, for example, in terms of transport impact,
as Fe®™ > Ni** > Cu?" 52 8557 1t i5 worth noting that, even
though H" mobility depends on the foreign cation, the converse
is not necessarily true since they are a dilute species.”’ " An
intriguing impact of contaminants is the increase in the onset of
thermal deeomposmons, namely, thermal stability, especially
for SOy degradation.” Also, with increasing concentration
(ppm) of contaminant (Ni*'), the mechanical response changes
from relaxation (chain motion) to degradation. #* Such impacts
are witnessed with other contaminants, such as ammonia
(NH,"), which, as a proton acceptor, can readily form NH,'
whose reaction with SO;” sites results in drastic reductions in
conductivity and durability'” *** 7" (see Figure 51).17°
Nevertheless, recent studies demonstrate that contaminants
have more pronounced time-dependent effects over longer
times, actlvatmg mechanisms reminiscent of aglng, not only in
PEFCs,”**** but also in chlor-alkali cells.'®

7.1.3. Hygrothermal Aging. As discussed throughout this
review, PFSA ionomers are not in true equilibrium and their
morphology tends to change over time and under certain
environmental conditions; such changes over longer time scales
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Figure 51. Possible scenarios affecting the phase-separated morphol-
ogy of PFSA resulting in inaccessible ionic sites, such as ionic cross-
linking, contamination or the process of reversible anhydride
formation. Impact of hygrothermal aging on FTIR spectra, which
shows the formation of the 1440 cm™' peak, and liquid-water
conductivity of Nafion 212 membrane (from Shi et al.”™®*"). For
comparison, decrease in conductivity of Nafion in the presence of
ammonium is shown (from Coms et al."”™").

is termed aging.ss’%’j83’193"54”’@7 During such aging, a PFSA
membrane was observed to exhibit a decay in conductiv-
L S0,183, 193,400,242 . et )

ity, gas permeability, water permeance and
water uptake,””" as well as an increase in tensile modu-
Lus, " HOPHTIANETT g Ta)%"'w0 with implications on mem-
brane performance in PEFCs and humidifiers.””" Many of
these changes are attributed to the formation of functional
species (e.g, anhydrides) that form cross-links between the
ionic groups, which are catalyzed by contaminants. A
commonly employed method to examine these effect is
FTIR, in which some studies reported a new peak around
1440 cm™!, accompanied by a weakening of the peaks
associated with H-bonds.™*”""%**" This along with a reduction

86,170

1066

in transport properties and increase in elastic modulus have
lead researchers to relate the origin of such peak to a change in
local structure. This peak was assigned in some studies to the
S—0-S cross-links, believed to be formed via condensation of
SO;~ groups (Figure 51). 530S Tha effect of aging was
shown to be more pronounced for membranes aged in higher
RH conditions, due possibly to water promoting side-chain
mobility;* " but less pronopunced in liquid water, due to
possible hydrolysis reactions, or increase in SO,” separation,
reducing the condensation.'”™ While such a scenario is in
agreement with the higher EW reported for aged memrbanes,”
due to a reduced fraction of available SO;™ groups, the origins
of aging is not yet understood.

Collette et al. reported an increase in the anhydride content
and accelerated aging with a cationic pollutant, such as copper
ions, were shown to accelerate the formation of anhydrides.’””
In addition, Clapham et al. found that the intensity of the FTIR
band at 1440 cm™' after aging increased with membrane
thickness, which can also be interpreted as the existence of
other phenomena than anhydride formation.””" Recently,
Coms et al. proposed that the observed changes due to aging
are strongly linked to contaminants,””" in particular trace levels
of ammonia in the atmosphere. The ammonia (NH;"), as a
proton acceptor, can readily form NH," in the membrane over
time, whose reaction with SO;” site via acid—base chemistry
form degradation products, resulting in drastic reductions in
conductivity (Figire 51).""" As with other aged membranes,
tull recovery is observed by treatment with strong acid or base
solution."”” )

Qiao et al."'" reported that $S—O~S cross-links formed
during oxidative degradation of a PFSA reduces also its
conductivity, which scales linearly with the reduction in the
—OH bending intensity, indicating a disruption in H-bonded
water network. It must be noted that cation-exchange™"*** and
annealing'm of (unaged) PFSA was also shown to give rise to
similar peaks around 1440 cm™ band. As such, the decrease in
conductivity with degradation and aging could be associated
with the changes in local interactions of SO, whether it is
driven by anhydride formation (physical cross-links) or
contaminants (ionic cross-links), which appear to reduce
available SO;™ groups (thus the increase in EW and mechanical
properties) and changes the morphology (Figurz $1).

Aging changes result in lower water contents by shifting the
underlying chemical/mechanical energy balance that drives
water uptake (see section 26)." However, unlike thermal
annealing, aging does not change crystallinity.'™**” The SAXS
data are consistent with this in that after aging the ionomer
peak shifts significantly to the right and broadens, implying a
wider distribution of smaller and maybe even isolated water
domains. Also, the d,—2 trend (discussed in section 3.2) shifts
downward upon aging (d,, decreases more than 1) indicating a
break in the hydration vs d-spacing correlation (Figure 51),""
where the aging-induced cross-links prevent expansion and
perhaps connectivity of the water domains.**#>**7 4354 Thjg
is consistent with the more severe decrease in ionic
conductivity than can be solely explained by changes in EW
and water uptake as observed by Collette et al."™ and Clapham
et al,"™ who reported a conductivity loss of 80% versus a 49%
increase in EW.

The effect of hygrothermal aging is reversible in that it can be
erased completely by boiling in strong acid, but only partially in
DI water (Figure 51).°%*"*" The recovery process is thought
to be promoted by protonation of unaccesible SO;~ groups in
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acid (whether hydrolysis of S—O—S or removal of contami-
nants), thereby breaking cross-links, which is corroborated by
the disappearance of their fingerprint in FT-IR peaks and
recovery of their baseline EW.”"*" Moreover, the partial
recovery in water uptake and conductivity upon heating in
water was also observed for d—spacing,% indicating, once again,
a universal correlation between nanostructure and transport
properties. In addition, it was recently reported that aging-
induced changes in Nafion EW, structure, and properties are
more pronounced if the as-received membrane is hot-
pressed,™ and aging rate is slower for Nafion 212, compared
to Nafion 112 that has higher concentration of metal ion
contaminants.”*"

This correlation and the impact of thermal processing (see
section 3.1.4) hold, in that stabilized and pretreated membranes
are less prone to aging, which can be attributed to (i) their
larger domains with longer distance between the SO;™ groups
making degradation reactions less favorable, and, more
importantly, (ii) elimination of cationic contaminants and
impurities during pretreatment. Thus, the impact of thermal
history seems to have a profound impact on the result of aging,
with the membranes possessing contaminants being more
sensitive increased propensity for initiation of cross-link
formation due to the introduction or exacerbation of potential
reactive sites or presence of foreign cations. All these findings
support the potential role of contaminants (see previous
section), and provide a link among thermal history, foreign
cations, and aging, concomitant with changes in time-
dependent structure/property relationship (i.e, relaxation).
This coupling warrants further study as PFSA membranes are
increasingly used in a variety of technologies (e.g., solar-fuel
generators, redox flow batteries, etc.) where the environments
are rich with electrolytes, additives, and salts and long lifetime is
expected.

7.1.4. Thermal Decomposition. Thermal decomposition
of PFSA ijonomers, usually studied by thermal gravimetric
analysis (TGA) combined with mass spectroscopy of the
degraded products, occurs in three stages, with each
representing the thermolysis of distinct groups (Figure 53):
(1) loss of (residual) water (from 100 to 200 + 20 °C), ending

100
Yoss of H,0 secomposition
SO - SEH of sulforats sites
i o ’ SO 5 +
80 ¢
cleavage of
CShond +
) axidation of
£60 ¢
2 Decomposition Temperature
= 500 o
8 g g
& 4D F R
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Figure 52. TGA curve of Nafion 117 in N, from Feng et al®*®
(heating rate: 20 °C/min). Inset shows the range of decomposition

temperatures for second stage from literature stud-
{os FIOATHITE 54T HED, B
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with breakup of the H;O" and protonation of SO;~ to SO;H as
well as partial decomposition of SO;H — SO, + #OH close to
200 °C; (2) cdeavage of the C—S bond (280 + 30 °C to 400 %
20 °C) resulting in sulfonate-group degradation ending with
oxidation of the side-chain terminus; and (3) the final
decomposition (oxidation) of perfluorinated matrix (400 +
20 °C to 600 + 40 °C).\HELZRIEEH Pyl
decomposition initiates and propagates over a temperature
range by releasing (1) the last remaining water molecule (H;0)
(with 5 to 7 wt % loss)™*™** (2) sulfur dioxide, hydrogen
sulfide, CO, (with 25—30 wt % loss)™'”* and (3) SOF,,
thionyl fluoride and COF,, carbonyl fluoride, followed by
complete decomposition of PTFE backbone at 600 °C, with
over 90% volatilization, releasing compounds of perfluorocar-
boxylic acids (CUF<2n+1)COOHM";).2"7‘8""‘30"""””84"” Once decom-
position starts from the end groups and side-chain,
fluorocarbon and eSOH, radicals form that cleave to produce
SO, and an ®OH radical, which degrade the main backbone by
a random scission process (see Figurz 50), similar to the
degradation of PTFE (which itself degrades also at 500 to 590
o) HAI BS540

TGA of PFSAs has been studied in various forms of acid and
salts, 293963 BIEATESO-852 o0 b bresence of fillers,*? with
the effects of casting”” and thermal treatments.""”*'¢ From
these studies, the decomposition temperature, T, o, increases
with annealing time due to stabilization by the more crystalline
backbone and incorporation of alkaline-metal counterions due
to the strong ion pairs they form with SOy~ (-=SO;” —
M) SIREROET verall, the findings suggest that thermal
stability improves the best for the Nafion exchanged for alkali-
metal counterions (Tgcom, in order of H" < Li” ~ < Cs” < Rb”
< K < Na,;,:wzz,aw,s:zo—m3.), tollowed by divalent ions, then
trivalent ions,”' for which Tyecomp increases in the order of
Mg*" < Ca®" < Sr*" < Ba™', with increasing radius as mentioned
in section 7.3 (Figure 52). For alkali-metal cations, reducing the
size makes the electrostatic interaction stronger, thus stabilizing
the C—S bond, which impedes the thermal decomposi-
tion,**HHIIISIELESOEE The smaller the “effective” size of the
alkali-metal cation, the better the thermal stability with the
exception of Li', which has a large hydration energy like H7,
making its effective diameter larger due to its strong association
of water, which it retains at elevated temperatures.*****! For
alkaline-earth—metal cations, on the other hand, increasing the
radius improves stability (Tdemmp increases in the order of Mg**
< Ca®* < S < Ba?")."*"" This anomaly in terms of cation-
size effect is attributed to the fact that the stabilization of C—S
bonds through the formation of ion pairs is stronger between —
SO; and alkali metal compared to —SO; and alkaline-earth
metal ™ Lastly, the range of decomposition temperature,
ATgecomp 15 inversely proportional to the cationic radius,
AT gecomn & Teion - and increases with Lewis acid strength

cation

(LAS).”™ (See section 7.3.1 for further discussion.)

7.2 Composite Membranes and Modifications

Mitigation strategies aiming at improving membrane durability
should encompass good transport properties without sacrificing
mechanical stability, thus necessitating a different take on the
transport-stability trade-off in PFSAs. Overall, the motivation
for developing composite membranes stems from either
improving durability by increasing chemical/mechanical
stability, increasing performance through transport properties,
and/or by extending the operating window of the membrane to
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higher temperatures and lower humidities, all while mitigating
any concomitant deleterious effects.”! %70+ 7420%294

Such improvements and their potential side-effects include
(i) thinner membranes for reduced transport resistance (and
cost) which, however, could increase reactant crossover, (ii)
lower-EW ionomers, while favorable for transport, usually come
at the expense of higher swelling and possibly lower mechanical
stability, (iii) higher conductivity in dry/hot conditions (e.g,
high-temperature PEFCs) without compromising mechanical
and chemical integrity, and (iv) better selectivity, i.e, limiting
transport of undesired ions or inactive species, while
maintaining high active-ion conductance, including, but not
limited to, achieving a higher decrease in solvent permeability
than in conductivity with a net effect of increased methanol
selectivity in DMFECs, or eliminating crossover of reactants and
inactive charged species in redox flow batteries.

Extending the conductivity of a hydrated PFSA to higher
temperatures has been an integral part of high-temperature
PEM research, which is an ongoing material problem. With
increasing temperature, the intrinsic proton mobility increases
but this is more than offset by a decrease in PFSA membrane
water content. Simply put, the ability to maintain conductivity
at elevated temperatures (>100 °C) could be achieved by
preventing collapse of interconnected hydrophilic domains
(proton channels) and retaining water. Although many other
materials solutions are being explored, such as ion-containing
block copolymers where there is more morphological
control,”” PFSAs hold their unique position due to their
attractive properties that could be exploited to design polymer
blends and composites,”***** a5 well as their well-
demonstrated durability in devices. Furthermore, PFSA
ionomers also provide new avenues for many applications,
especially when their chemistry is tuned through side-chain
modifications and doping, or when they serve as the host
material for reinforcements and additives in hybrid ionomers,
all of which help expand their structure/performance/stability
window.

Over the past decade, an increasing number of membrane
modification strategies have been adopted to mitigate
degradation and performance problems (Figure §3), including,
but not limited to, impregnating/doping the ionomer with (i)
radical scavengers such as cerium oxide to prevent radical
formation as discussed in section 7.3, (i) chemically inert
hydrophobic mechanical support layers, such as PTFE mesh, to
improve the mechanical properties and dimensional stability in
response to humidity changes, and (jii) inorganic particles to
improve stability and/or inorganic hygroscopic fillers to
improve water-retention capacity especially at higher temper-
ature and lower humidity.””">**** It must be noted that when
cations or particles are present at low levels they are treated as
impurities, which is considered under the contamination
section 7.1.2, whereas deliberate doping and impregnation
tend to create a true hybrid ionomer membrane. Hence, the
overall changes in properties of a composite ionomer depend
on (i) the nature of the strategy employed (whether it is an
inert, noninteracting reinforcement, or an interacting species
such as a doped cation or inorganic filler) and processing (e.g,,
casting), (ii) the size, distribution, and total amount of the filler,
and (iii) the interaction between the ionomer moieties and the
added secondary particle (filler).****"*

It is worth noting that some of these strategies are employed
in conjunction with efforts toward stabilizing lower-EW
ionomers through side-chain-chemistry modifications, doping
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Figure 53. Strategies used to improve the dimensional and mechanical
stability of PFSA membranes and/or to extend its operation window
(to higher temperatures, lower humidities).

and processing, or impregnating them with additives to address
. . £7,9,713,807,856

some of the issues discussed above.””"™" """ Hence, recent

years have witnessed a growing interest in membrane

modifications, which include (also see other reviews on related
topics P2 INAEA),
e Reinforcement with another polymer,
CPTRE,’G285287,314,576,614,698, 703,708, 73 793,823,857 860
s

blending with a dissimilar polymer using electro-
spinning./,ﬁ‘)l, 713

e Impregnating the ionomer with metal salts and additives,
or hygroscopic inorganic dopant fillers such as silica
(Si0, ), 0 3340143672186 =503 4 oninm  phosphate
(260,), SV IIIES Gania (THO,), ™56 or s
dary particles such as carbon nanotubes (CNTs),*

e Change in chemistry via doping or polymer blends, such
as doping PFSAs with heteropolyacids
(HPAs), "0 58871872 1o olites, ™

Regardless of the method, an ionomer filled with secondary
particles can be considered and treated as a composite
membrane (Figure 33). However, given that PFSA ionomers
already possess a complex phase-separated morphology,
inclusion of additional particles or support layers creates a
true multiphase hybrid material where the interactions of these
newly added particles and the ijonomer’s hydrophilic and
hydrophobic phases become critical in controlling not only the
efficacy of the composite structure but also the overall
properties of the membrane. Of course, since a PFSA’s
response to electrochemical, mechanical, and environmental
stimuli (e.g,, ionic potential, stress, RH, T, pH) are interrelated
through ionomer morphology, swelling, and transport and
mechanical properties, as discussed in previous sections, there is
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a need to ensure that a multivariable optimization is realized
and trade-offs analyzed.

Before proceeding, the scope of this section should be
clarified. Literature pertaining to hybrid/composite PFSAs,
which have been increasingly explored in the past decade
(Figure 3), could be categorized as (i) comparison of PFSAs
with other non-PFSA hybrid ionomers, (i) demonstration of
these membranes in devices (commonly PEFCs, DMFCs and
redox flow batteries), and (iii) structure/processing/property
relationship of composite PFSAs. The focus herein will be on
the latter studies.

Another natural outcome of composite PFSAs that need
careful attention is an accurate characterization of EW (IEC),
or an “effective EW” as the EW, by definition, accounts for the
traction of ionic sites in the polymer, excluding any foreign
reinforcement or additives. Given that EW already fluctuates
among the batches and/or inaccessibility of some of the
sulfonic acid sites, due to processing and thermal history, it
remains a challenge to define an EW for the composite PFSAs,
as discussed in elsewhere %"

7.2.1. Mechanical Reinforcements. One strategy that has
been proven to be effective at improving PFSA performance
and lifetime in devices is including a reinforcing layer, typically
a microporous expanded-polytetrafluorothylene (ePTFE)
mesh. The prototypical commercial composite membrane is
known as Gore-Select membrane, manufactured by W.L. Gore
& Associates, Inc.” " Despite increased use since 2010,
reinforcement of Nafion or PFSAs is not new, as the concept
goes back to the 1990s™*™" and was driven by the need to
make thinner, robust membranes. While the porosity of the
hydrophobic mesh enables a continuous transport pathway
through the thickness (after impregnation), its mechanical
stability reduces the dimensional change in the plane of the
membrane (Figares 11 and $3), especially during hydration
cycles. Reinforced membranes exhibit superior durability as
evidenced from longer lifetime without failure under humidity
cycling (section 7.1) HABTELERSIRE TS Hence, such
reinforcements could possibly allow the use of thinner, lower
EW ionomer that would otherwise have insufficient mechanical
integrity.

A natural consequence of the reinforcements in such
sandwich-composite structures is the dimensional anisotropy,
especially thickness vs in-plane. Reinforced membranes have
better dimensional stability in the plane, meaning they swell
less in favor of higher thickness swelling such that their overall
weight or volume uptake could remain relatively un-
changed.'*****™*° Such swelling anisotropy with lower in-
plane swelling has been shown to be critical in reducing the
swelling-induced mechanical stress during cell operation and
especially under cycling operations'" """ %% 4nd also
effective at increasing a membrane’s resistance to defect
propagation.”*' Moreover, fatigue stresses with a tensile
component were shown to be reduced most by reducing the
in-plane swelling, even if the total volame change is the same, as
the stresses in the thickness direction are less critical in
activating failure mechanisms.””"***** It is interesting to note
that although reinforcement increases the mechanical proper-
ties in the direction they limit the swelling, it is actually the
reduced swelling that is more effective at decreasing the
mechanical stresses in the membrane. In fact, modeling studies
have shown that a higher modulus alone is not always a
favorable outcome of the reinforcement as it increases the stress
generated in sity, which brings the deformed membrane closer
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23,286,708

to its yield strength, i.e, plastic deformation.'

However,
as the reinforcement also increases the yield strength and
reduces swelling, and even more importantly enhances the

7,731

fracture resistance,’ one could still favorably improve the
mechanical response of the composite membrane (see section
5). Thus, it is important to investigate fully the anisotropic
swelling behavior and thermo-mechanical properties for newly
developed membranes to assess their mechanical and thermal
stability accurately. The role of the swelling-resistant reinforce-
ment phase can be interpreted as internally constraining the
membrane which limits its expansion, similar to the external
constraint and compression effects and prestretched materials
discussed in section 3.1.5. In fact, reinforcing a PFSA was
shown to cause a shift in domain-size distribution and size
toward smaller domains across the whole domain sizes,”®*"
revealing the impact of such internal constraints. Finally, it
should be noted that while the reinforcement-induced stability
makes the ionomers less sensitive to humidity changes, it does
not really change their temperature-dependent stability since
the reinforcement too has typically a similar temperature-
dependent response.”*"

In terms of transport properties, compared to Nafion, Gore-
Select membranes have been shown to have lower H,
permeability,™” higher proton diffusion,”** lower steady-state
water diffusion, comparable electro-osmotic coefficient,”" as
well as comparable conductivity”®” and activation energy.”*”*"*
[Properties are compared at the same RH and T, although it
must be noted that ionomers in these two membranes might
not have the same EW.] This family of ePTFE-reinforced
membranes exhibit improved mechanical stability as inves-
tigated in a number of studies; (an order-of magnitude) lower
in-plane swelling,”"***"*** stress—strain behavior with higher
modulus and yield strength,**”*"***™' and higher critical
fracture energy for crack propagation.””” The above structural
and swelling anisotropy also induces anisotropy in transport
properties. For example, Gore-Select membranes show a ratio
of in-plane to through-plane conductivity of ~1.10 to 1.5,
whereas this value is 1.07 for Nafion 212.7”* However, the
extent of decrease in through-plane conductivity to in-plane
conductivity largely depends on the relative thickness of the
ionomer and reinforcement phases.””

Despite significant process made in mechanical stability,
device demands require better chemical and mechanical
durability, which has stimulated development of membranes
possessing both mechanical reinforcement and chemical
stabilizers. One prominent class of PFSA membrane with
improved lifetime compared to regular Nafion membrane is
DuPont’s Nafion XL,”® which is both mechanically reinforced
by microporous PTFE layers (~10%) and chemically
stabilized.*”” Recent studies on Nafion XL reported that,
compared to its unreinforced Nafion analogue, it has less
shrinkage stress induced by its lower water uptake,™" lower
swelling and higher storage modulus in the plane but with
comparable volume change and /1,763_ anisotropic swelling and
conductivity (in-plane vs thickness),” lower crack initiation
and propagation due to the enhanced Elagticmdeformation of
PTFE,”” and higher chemical stability.”""**"* More recently,
impregnating PFSA ionomers with electrospun nanofibers has
been demonstrated to produce composite membranes with
improved mechanical properties and water retention.””**7*3#7%
As demonstrated by Pintauro and co-workers, with electro-
spinning, not only can an ionomer be reinforced by a nanofiber
(e.g, poly(phenyl sulfone) (PPS)) network, but ionomer
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nanofibers could also be embedded in an inert/uncharged
polymer nanofiber network; thus enabling morphologies
between ePTFE-reinforced PFSAs and Nafion/hydrocarbon
polymer blends.”"" The conductivity of nanofiber composite
membranes has been shown to scale linearly with the Nafion
volume fraction for both structures (i.e, whether Nafion is the
host matrix of the filler fiber or vice versa).”* Volume swelling
also increases with PFSA fraction for both structures, which
exhibit lower in-plane swelling than Nafion, albeit with different
swelling anisotropies due to distinct 3-D connectivity formed in
these composite structures. Similar to the other reinforced
PESAs, these composites with electrospun fibers have higher
yield strength, modulus, and tensile strength, but slightly lower
failure strain, all of which are dependent on the fraction of
PESA. Electrospun composites with lower EW 3M ionomers
also exhibited improved conductivity and water weight uptake
at higher temperatures; however, their mechanical properties in
water were not always superior depending on the PFSA EW
used.””"* A notable outcome of electrospun PFSA/PPS
membrane was that it can be tailored to increase selectivity,
by increasing the ratio of proton conductivity to the
permeability of reactant species (i.e., selectivity), which makes
them an attractive candidate for many different separator
applications.””® Moreover, challenges associated with electro-
spinning neat Nafion fibers from a Nafion/alcohol solution due
to the polymer’s rod-like micellar morphology without
sufficient chain entanglements (see Section 3.1) have led
researchers to add a carrier polymer, e.g, poly(acrylic acid) or
poly(ethylene oxide), to the Nafion solution at a high
concentration (15 to 30 wt %).”*? Thus, successful electro-
spinning requires optimizing the trade-off between a high
enough polymer concentration in the solution for polymer
chain entanglement but low enough to avoid viscosities that are
hard to spin.”""?

Another filler used in Nafion for both performance and
durability enhancements is carbon nanotubes (CNTs),
commonly used reinforcement particle in advanced polymer
composites. A critical issue with the use of electrically
conductive CNTs is the optimal filling to avoid possible
electronic short circuits in applications (i.e., one needs to
remain below the percolation threshold, which depends also on
the functionalization of the CNT, their dispersion and
interaction with the polymer chains through processing
effects).b7 #7077 Improvements in Nafion upon incorporation
of CNTs are increased strength,™*#*” reduced dimensional
change, her improved thermal stability indicated by a shift in
tan(8),"""*"® increased modulus up to 160% with only ~10%
decrease in conductivity, increased proton to methanol
selectivity,”” and decreased methanol permeability.””" While
showing increased performance for some applications, the
possibility of short circuits as well as expense and use of
elongated nanomaterials makes this strategy questionable.

7.2.2. Performance Additives. In addition to forming
composite membranes to increase mechanical stability and
allow for the use of lower EW ionomer, composite membranes
have also been synthesized with additive particles to increase
performance. These additives are incorporated to achieve
dimensional and thermo-mechanical stability (such as lower in-
plane swelling and higher transition temperatures, modulus,
and strength), or widen the conductivity range of the ionomer,
in particular at lower RHs and higher (>100 °C) temperatures.
This strategy is somewhat different than the radical scavengers
discussed in section 7.1, where the primary interest and goal is
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to provide additional chemical stability. With performance
additives, however, one can improve membrane properties by
tuning its functionality. Of the inorganic fillers used in PFSAs,
the most widely studied system is Nafion with metal oxides and,
in particular, Nafion-SiQ, >} ?¥ 1@ 72E8S85=85 Gifics jn
PFSAs is used to exploit its attractive properties such as its
tendency to absorb water yet with minimal interaction with
hydronium ions at low RHs, to increase crystallinity and
mechanical stability, as well as its ability to inhibit methanol
permeation.” All of these changes, however, are strongly
dependent on how much silica is added (i.e, doping level) and
how it is added (i.e., processing). Such membranes are prepared
via casting from Nafion dispersion with silica nanoparticles or
sol—gel polymerization, where the ionomer is imbibed with the
Si-containing sol—gel precursors and then annealed where the
precursors (SO,F groups) react with the inorganic molecules
that cross-link the polymer chains (via Si—O-Si
bridges)******* and create a covalently bound inorganic
phase.””"** Once formed, these groups restrict the mobility
within the ionic clusters and therefore increase the
modulus™*** and shift the transition temperatures,”""""
although often the membranes could also exhibit more brittle
mechanical behavior.”**"”” Overall, these membranes demon-
strate higher liquid-water uptake by weight and swelling,**>""”
which leads to better h]gh -temperature conductivity, a larger
RH operation window,™"*>"" higher activation energy for
transport,”” anisotropic water diffusion,*” and improved
thermal stability due to the retardation of thermal degradation
by the cross-linked silicon-oxide network.”™ Overall, 3 to 10 wt
% of silica loading in Nafion has been employed, giving a range
of conductivity from 0.07 to 0.10 S/cm at 80 °C, 100% RH,
depending on the processmg methods and type of silica (see a
review by Herring™ for more details).

Another hybrid composite with zirconium phosphate,
Nafion-ZrP, has been reported to have hi$her modu-
lus, 1 7I2HOGE i creased water retention®?” '*" and dimen-

714,954,881
o, 7HHAY, lower methanol
401,58%1

sional stability over 100
permeability,”* better high-temperature conductivity,
albeit, in some cases, at the expense of lower conductivity
under moderate humidities and temperatures®*®” 71864565
and limited proton mobility, which could be restricted by the
ZrP particles.'* >

A noteworthy improvement in these hybrid membranes is
that the decrease in methanol permeability is usually higher
than the decrease in conductivity with a net effect of reduced
ploton/methanol selectivity, as discussed in
465759952 1y fact, further enhancements in proton selectivity
and methanol permeability has been reported when the
inorganic fillers are functionalized (e.g., sulfonated), owing to
their dual role of fac1htat1ng proton transport while obstructlng
methanol crossover,”™*** due to changes in the effective
tortuosity of the mesoscale assembly. It was shown through
FTIR studies that inorganic fillers could restrict methanol and
water transport in a PFSA by reducing the fraction of H-
bonding therein, which was facilitated by the interaction of the
filler with the fluorinated matrix.”" In fact, changing nature of
water in these hybrid systems could be associated with their
higher water selt-diffusion in the subzero temperature regime,
owing to hygroscopic filler-water interactions.™*

Similarly, Naﬁon‘ -titania composites exhibit h1§her water-
uptake capac1ty, " better thermal stability,”*** lower
permeability,™ hlgher modulus and 1mproved mechanical

172,382,4
properties, * but also lower™ or higher® conductivity

section
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as these properties change with titania wt % in a nonlinear
fashion (up to 0.05 S/cm between 115 and 135 °C).***+*%
The concentration of fillers and their dispersion affect the
interactions between the nanofiller and the host ionomer matrix
(both its — SO;H groups and backbone), thereby changing the
strength of the dynamic cross-links therein, leading to the
variance in properties.d"‘}2

More recent systematic investigations # that focused
on the interactions of Nafion and the inorganic particles (e.g,,
R-SO,H--8i0, interactions) demonstrated that silica particles
exist in both the ionic phase and amorphous matrix, and reduce
chain dynamics in a similar manner to thermal annealing (see
section 3.1.4).%*F Holderoft and co-workers showed the
formation of Si—O—Si bridges in Nafion, where the inorganic
nanoparticles can bind and hold water above 100 °C and thus
improve thermal stability. Despite a reduced conductivity in
hybrid membranes caused by the restricted mobility of the ionic
clusters, such a reduction is not observed at lower RHs and
higher temperatures.*”" Tn a series of recent investigations by
Di Noto and co-workers'™*""** ysing broadband dielectric
spectroscopy, two distinct interactions between Nafion and the
inorganic filler material were identified: (i) silica (or another
inorganic particle) clusters interact with Nafion’s polar side
groups that is predominantly implicated in dynamic cross-links
and (ii) silica moieties interacting predominantly with other
surrounding oxo-clusters acting as fillers. As the latter
interaction increases, the nanoscale homogeneity of the
materials is lost, thereby giving rise to a biphasic system
where the relative motions between the phases are inhibited
more strongly, resulting in more pronounced changes in
properties. Such changes are also increased as the basicity of the
dopant nanofiller increases (or their amount), which was shown
to promote charge delocalization and therefore improve
conductivity; the opposite trends were suggested for more
acidic fillers.*"" Thus, proton transport and exchange process in
hybrid PFSAs is modulated by the amount and types of
interstitial water domains, the density of hybrid SiO,-(HSQ;)-
cross-links, and the segmental motions of the ionomer’s
fluorocarbon backbone.””*™"" Therefore, as expected, the
changes in transport and mechanical properties are controlled
by the amount™" and the type of the filler.”"*** For example,
Nafion/(ZrHf), has more efficient charge delocalization than
Nafion/(SiHf), due to their higher basicity, thanks to dynamic
bridges, which persists at low RH giving hybrid membranes
their advantages.™"

In a more recent study, using DMA and broadband dynamic
dielectric spectroscopy, it was shown that nanopowders of
MO, (M = Ti, Zr, Hf, Ta, and W) in a PFSA controls (a) the
relaxations of both the hydrophobic and the hydrophilic
domains and (b) the thermal stability range of conductivity
(ie, 5°C<T <135 OC),“{' owing to the dynamic cross-links.
In the presence of these dynamic cross-links, proton
conduction at high temperature are favored in the hybrid
membranes where the long-range charge migration occurs via
proton hopping process at the interfaces of the solvated cross-
links mediated by the hydroxyl groups.®”’ Thus, nanofillers
affect the macromolecular dynamics of a PFSA owing to the
formation of dynamic cross-links (R—SO;HM,0,HSO;~
R) in hydrophilic polar “cages”, which modulate the

mechanical, thermal and dynamical characteristics of the host
401,436

404,365

ionomer.
These studies overall suggest that the nanoscale correlations
discussed in section 4.4 change dramatically altering the
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relationships between the diffusion of water vs protons. As an
example, when other cations are introduced into a PFSA
containing hygroscopic fillers, the high water-retention capacity
increases cation’s self-diffusion but reduces their selectivity.”’
Thus, the additional interfaces formed between the PFSA
moieties and the inorganic fillers in the proximity of the
hydrophilic domains could generate preferential transport
pathways for protons, with possible blockage of other
species 1012430

Among other fillers that show promise in altering the
properties of PFSA ionomer are zeolites, a class of
aluminosilicate framework structures in which the hygroscopic
cavities could accommodate cations or water molecules, and
heteropoly acids (HPAs), which themselves exhibit high proton
conductivity, a property that is exploited in PFSA to increase its
operating temperature.” The acidic nature of this type of
materials creates intimate interactions within the PFSA, and
permit achieving high conductivity with less dependence on the
ionomer’s hydration. Impregnating zeolites in Nafion has been
shown to reduce permeability”” and enhance selectivity with
neglibile®™ or positive”” change in conductivity. Nevertheless,
conductivity improves in particular above 120 °C, due to the
water present in zeolite cages and at the PFSA-zeolite
interphase being more free and noninteracting, which also
hinders methanol permeability leading to higher selectivity (up
to 50% improvement).”” > ***" The zeolite size was shown to
play a critical role in altering selectivity, with smaller (nanosize)
particles being more effective at blocking solvent permeability,
thereby effectively increasing proton/methanol selectiv-
ity. 573476889

HPAs have also been employed to create hybrid PFSAs,
which were shown to improve conductivity’"*"**#3%#74572
including up to 120 °C.'">**"* Herring and co-workers™”
showed that the addition of HPA in PFSA enhances formation
of hydrogen-bonding between the HPA particles and promotes
Grotthuss-hopping mechanism therein, resulting in higher
conductivities, both in the dry and wet state. However, this
comes at the expense of lower water self-diffusion, revealing a
mismatch between the measured conductivity and those
calculated from diffusion (i.e., Nernst—Einstein equation). In
addition, doping HPA into a PFSA could improve stability as
well, as it was shown to reduce the FRR in a PEFC.**® These
molecular sieves and electrochemically active additives are
intriguir}§ avenues for future research with many possibil-
ities.” !

Overall, inorganic fillers can provide stable ionomer
functionalities at higher temperatures and lower humidities,
yet research into their incorporation into newer PFSAs is still
refatively recent and understudied. As with the most other
methods, developing an ionomer composite with various
techniques relies on developing a delicate formula that accounts
for the concentrations, filler/matrix fraction, PFSA chemistry
(EW, side-chain) and sufficient impregnation and encapsulation
(to ensure additional improvements on stability and/or
performance (e.g, conductivity)).(M’T“’Ssg A concern though
is also long-term durability and stability of the additives
themselves in that they may leach out depending on application
environments. Lastly, we note that, even though these strategies
for composite membranes are mainly driven by developing
better membranes for PEFCs, some of the Nafion-Si
composites have found use in actuators,””™* which do not
share the same functionality requirements as PEFCs.
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Table 15. Summary of Trends for Properties of PFSA Membranes Exchanged with Various Cations, Compiled from Various
Sources in the Literature®

property/mechanism

water transference no.

water uptake

water self-diffusivity

cation self-diffusivity
mobility

conductivity

selectivity

sulfonate-cation interaction
(cation-SO,~ bond strength)

decomposition temperature

decomposition temperature

fraction of freezable water

thermal transition temperature,
T

o
permeability of gases
tensile strength
Young’s modulus
storage modulus

activation energy for gas
permeation

hydraulic permeability
alcohol permeability

hydrophilic domain spacing
hydrophilic domain diameter

solvation/hydration energy,b -
AGyy,

correlations and order of impact
HY < K¥ ~ < Rb* ~ < Cs* < Na* < Ca®* ~ < & < Mg <
Ca* < Li*
H' ~ > Li* > Mg** > Ca* > §*" ~ > Na* > K* > Rb* > Cs*
H* » Li* » Na* > K" » Cs*
H'>Na'>K'> Li' ~ > Cs' ~ > Rb' > Mg™ ~ Ca® ~ Ba®
~ Sr
Agt > Na* > K* > Cs* ~ Zn* > Ca® > $** > Ba®*
H>Li>Ag>~Na>K>Rb> s
Ag'> ~ Li' > Na' > K > Cs*; Zn™* > Ca™* > ~ S™* > Ba™
H'>Na' >~ Li* > K' > Rb* > Ca™ > Cs* > Sr** > Ba™ > Fe'
H'> Ag" > NH," » Na* > Li" > K" > Rb" > divalent cations >
~ Cs" 3> trivalent cations > tetrabutylammonium
H'>» Na' > Li* > K' > Cs* > Cu™* > Zn™ > Mn™ > Fe®*
Cs* > Rb* > Ba* » S** » K* » Ca** > Mg™ > Na* > Li*
Li* > Ca* > Na' > K* > H*
Mg* > K* > HY
H' < Li* ~ < Cs* < Rb* < K* < Na*
Nlrglt < Cah— < Srh— < Bal;
H* > Li* ~ Na* > K* > Cs* > Rb*

H' <« Li* < Ca? < Na* ~ K" ~ Cs*

H' ~ TBA' < TPA' < TEA" < TMA' ~ Na*
K* < HY < Na* < Li* < ~ Ca™

Li* > Na* > H* » K* > Ca®* ~ Al > Mg

Li* > Na* » K* » Cs* > Ni** ~ Mg™ > Cu™
Cst > K" > Na' > Li* > H"

H' > Li* > Ca* > ~Na* > ~ K*

H' > Li" > Na" > K" > Cs*

Na'> K' > Ca® > Mg™ > Fe’' > A" > ~ Ba*" > ~ Cs* > ~
Fe3+

H' > Cs* > Li* > Na* ~ Rb" > K*

H' » Li* > Na* » Cs* > Rb* » K*

H' > Cu* > Li' > Na* > K* > Rb* > Cs*

Ni** > Mg?* ~ Cu™ > Co** ~ Zn™ > Fe** >

V¥ > Mn** > Ca¥* > 8™ > Ba®*

AP > V3~ Fedt s YR > TP > Ed® >

Ce** > La**

refs
44,268,578
33,183,245,209,329,343,518,538

21E,245
44,269,209,510,816,517 531

S38,828,598
44,308 343

211
106,608

155,394

781

394,847, 350—852
16,17
156,269,306
211,394

G113

394

SEG, 710,71

21
43,394,518

§3,518
660

33

%7

nates

preboiled membranes absorb
nore e T

cation size and interaction

due to cation-interaction
energy

also affects solubility
controlled by the strength of
ionic cross-links formed

also increase with gas
LG
molecule size™”

negligible effect of R—OH
concentration

from SAXS (in water)
calculated

based on calculated values”

“In cases where the variations in cations and their properties differ, more than multiple trends are included. “Listed as a reference for cations
commonly used with PFSAs. “Experimental values could exhibit slight deviations from the theoretical values.

7.3, Different lonic Forms and Interactions

Even though PFSAs are most commonly studied in H" form
(constituting over 90% of publications), the effects of other
cations and electrolytes on their properties, such as
permselectivity and water transference, have been of interest
over the last several decades. Exploration of such effects stems,
in part, from studying their /perforrpance in specific applications
(e.g., solar-fuel generators,j AEILESS Chlor-alkali industry,l’””’183
aqueous and nonaqueous redox-flow batteries
(RFB), 038858890555 ot ) as well as utilizing the proper-
ties they impart for PFSA processing. In many of these
applications, alkali, alkaline-earth, and transition-metal ions
exist and typically in mixtures, making anderstanding their
impact on PFSA properties very complex due to the coupled
nature of the ions and counterions.'"""*”****> Overall, PFSA
materials are typically relatively nonselective in terms of ion
transport and water uptake, which hinders their applicability for
such applications as batteries,"™ although as discussed in this
review, annealing, processing, and material modifications (see
section 7.2) can change that behavior."™™* An in-depth review
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of the various effects of electrolytes and ionic forms for various
device-platforms is beyond the scope of this review. However,
in this section, we detail some of the changes induced by fully
exchanged cationic forms as well as some of the general issues
with submersion in electrolytes. Both of these types of studies
can help to delineate the nature of the underlying electrostatic
interactions and transport processes in PFSA ionomers. It
should be noted that, when cations are present in trace
amounts, they are treated as foreign cations and investigated
within the context of contamination effects (see section 7.1.2).

Before proceeding, it is worth mentioned that the ion-
exchange rates must be accounted for when self-diffusion tfor
water and ions are determined from NMR. For example, cation-
exchange kinetics from radiotracer measurements indicated
diffusion coeflicient for reverse exchange (e.g, H' replacing
another counterion, M, < qu) is 10 times slower than that
forward forward exchange (of a cation, M®, with existing
counterion, M., < Mg), which is close to ionic self-
diffusion.”™ Self-diffusivity in reverse process is retarded with
the cation’s slow replacement of the existing counterion due to
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cation’s inability to overcome the strong -electrostatic
interactions. Thus, ion-exchange kinetics of counterions are
dependent on their self-diffusion, which increases with a
decrease in their selectivity in the membrane.*”® While Na' has
higher affinity over H', Li* has no preference over H', which is
the only cation that has a higher self-diffusion in forward
exchange than in reverse exchange, owing to its weak
interaction with the ionic site retarding the displacement of
the interchanging ion.*”***”

7.3.1. Different Cationic Forms. The literature is rich with
studies on PFSA ionomers ion-exchanged with cations (other
than protons) (see Table 15). Historically, these studies are
related to (i) transport of alkali ions in PFSA (Li*, K, and
Na'), (i) alkaline-earth metals (Mg, Ca*', Sr**, and Ba®"),
with more of a focus on their impact on thermal stability, and
(iii) transition metals (Fe’', Mn®", Ni*', Cu*’, and Zn*'),
including their binary compositions in the mem-
brane. ™95 Raversible ion-exchange up to 95 to 100%
has been shown to occur through immersion of the ionomer
into a saturated solution at ambient conditions, with divalent
and trivalent cations having a higher exchange level with respect
to initial form (99%) vs monovalent ones (~94%),""" resulting
from their stronger interactions as discussed above. There exists
a fair amount of studies focusing on the impact of cations on a
PFSA membrane’s water uptake and structure-sorption
relationship, %100 109135, LS 185,21 245,147 296.295,32990L o]
decomposition and stability, gas

g A01,303,594,641 . .
permeability,™ "7 density, mechanical proper-
. V30 211,854, 685,780,881 .
ties, °*’ P TR EEE, SRS transi-

o 34,531,135,145,186,211,229,30%, 301,306 .
tions,” "7 R AR AR L AEESER conductiv-
ity, transference numbers, and mobi-
lity, |S6/2 L1269, 55,546,89,829,508, 58,51 2,532,853, 4102 self-
diffusion, free volume,””’ water permeabil-

L 269,306,338,51 8,560 34,186,269, 306, 303
ity, " " freezable water,”™ """ water uptake

in Tiquid, 391495 106 185,210,245,269, 296,52, 030,143,405,510,515 517,531,
ST water diffusivity, K
ion selectivity, 0063291565503
activation energy,‘%q’iS("ZSE’QL)Q"QN’?’%’510 nanostructure,
298 s well as molecular-level interactions (e.g,, spectrosco-
py T ITRATEILISOITY a0 modeling.”***** QOverlaying these
issues are those of ionomer chemistry and EW, 3% ¥ 150245,
WIS Lotreatment effects,” I THHSI0 yng

2RSS IEEE Thyg changing cationic form can
alter many of the properties discussed throughout this review,
although many trends and underlying phenomena (e.g,
chemical-mechanical energy balance) hold, albeit with different
values (also see Tabie 15). Overall, there are two interactions
controlling the fate of cations in a PFSA; cation (mobile
charge) — PFSA (fixed anionic site) electrostatic interaction,
and hydration (solvation) energy between cation and solvent.
The competition between these two interaction energies have

been shown to be the key factor in determining the ionomer
416,536,383,508

239,231,394, 3¢

33,538,835

thermal
,385,394,396,357,852

ionic
3%,515,903 1

210,211,245,247 35,1 80,247,265

and vapor,

29%,269,330,415,510,516,5 L7, 538,832,901

33,109,142,

other sol-
vents.

behavior.

Multiple cations have been investigated in search for
correlating transport properties (e.g, conductivity and
diffusivity) with ion size (i.e., radius) and
type.!Bo41 HA0LIASILIGAES PEGAS  although possessing a
phase-separated nanostructure, appear to have a more complex
morphology since the intermediate region between the
backbone and hydrated ionic domains that is occupied by
side-chains can be altered in the presence of different cations,
which could impact polymer-chain motion™” (see Figures 54
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and 53). Thus, understanding this morphology-interaction

interplay (see sectiom 4.4) is critical.
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Figure 54. (a) Role of cations along with other structural features in
controlling various aspects of PFSA behavior. (b) Various config-
urations for cation—anion pairs that may exist in a PFSA (at lower
hydration states).”” (c) Below is an illustration of ionic cross-links
that could form around sulfonate sites and thereby changing local
interactions in the presence of monovalent and multivalent cations.

Alkali-metal cations have a higher affinity over H' in PFSAs
(with a notable exception of Li") arising from their stronger
interactions with sulfonate groups. And the higher the affinity
of the cation or the stronger its interaction, i.e., the strength of
the ionic cross-links, the more impactful the decrease in
mobility and overall transport (see Figure $4). For this reason,
alkali-metal cations tend to reduce the membrane’s swelling
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(Figure 55 and refs therein) and increase its density.
As the cation ionic radius increases, its charge density and
hydration shell also decreases. While smaller ions with higher
charge density could easily be localized in the hydrophilic ionic
domains, larger ions (usually multivalent) could more easily
interact with the side-chains in the intermediate regions. In fact,
divalent and multivalent cations could form stronger ionic
cross-links between the SO, sites, and the side-chains, thereby
inducing changes in backbone conformation and related
thermomechanical properties (Figare 54 and S3a). Hence,
the nature of the cation could affect the morphology and even
degree of phase-separation, thereby controlling the transport
properties of the jons and water.

Overriding the electrostatic effects, although coupled to
them, is the impact of water. Not only is the water uptake
affected by cation identity but the cation/anion interactions can
likewise be impacted by water content due to the separation of
ionic charges, ie., shielding effect, also promoting the
dissociation of cations (Figurz 55c). This was demonstrated
in a recent work, where RH-dependent conductivities of cation-
exchanged Nafion exhibit a universal dependence on ¢, only at
RHs exceeding 75%, which marks the dominance of shielding
effect of water screening the electrostatic interactions that are
dominant at lower RHs.*** Therefore, transport phenomena
depend on a combination of factors including cation size and
charge, ionomer water content, and electrostatic interactions
that depend on the cation, side-chain, and ionomer EW (SO,
distribution and spacing). Overall, water uptake and hydration
number decrease with increasing cation radius in water (see
Figure 55d and refs therein) but also in other polar
solvents.”****" In what follows below are the implication of
such cation-exchange-driven changes in hydration and inter-
actions on morphology, transport, and stability.

7.3.1.1. Morphology. Despite studies on Nafion with
different solvents and counterions, investigations on its
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nanostructure in different acid and salt solutions are very
limited, #9221 129396 gAY G profiles of Nafion were
examined upon cation-exchange with Cs', Li", Na’, and
K24 Overall, these studies suggest a less apparent
ionomer peak and reduced water d-spacing in other cation
forms compared to that of H'-form (e.g, d,, decreases from
4.74 nm for H* to ~3.5 nm for Rb* or Cs*).***® Gierke et al.*
attributed this effect to the reduced hydrophilicity of domains
in the presence of heavier and larger cations, which change the
chemical-mechanical equilibrium in favor of aggregation,
thereby resulting in smaller and more separated domains.
This morphological change is in fact similar to that induced by
increasing EW (in H form), which enhances crystallinity and
resistance to domain aggregation and hydration, thus
collectively leading to smaller domains. A detailed SANS
study by Rollet et al. showed that counterions in Nafion control
the size and number of hydrophilic domains by modifying the
area per polar head’™ They observed a linear relationship
between the radius of the hydrophilic domains and water
volume fraction, ¢, for monovalent and multivalent ions, with
the latter resulting in an additional reduction in size because
they are more effective at screening the electrostatic
interactions.”” Also, the hydration number and domain spacing
were correlated with the number of water molecules per
counterion (not per sulfonic-acid site) regardless of the type
) O Rwag
and charge number of the counterions. Young et al
examined similar cations but also with solvent effects."
Recently, the decrease in hydrophilic domain spacing of PFSA
exchanged with larger cations was found to scale with cation
radius at low water contents, but with Lewis acid strength
(LAS) at higher hydration levels.*** Thus, both ¢, and cation
(size and charge) control the hydrophilic domains, although
these factors are intrinsically linked. Systematic investigations
by Okada and co-workers identified the importance of a cation
size in relation to the membrane’s nanodomains on the uptake
and transport of water molecules.”**" Tt was also suggested
that the transport of cations should be related to the size of the
transport-pathways (hydrophilic domains), as both are
controlled by the cation and its interaction with the ionomer
moieties altering the structure-transport correlations.”*”
7.3.1.2. Transport. Changes in transport properties depend
on both the electrostatic interactions and water uptake; while
the former is more dominant at lower hydration (RH), the
properties scale with water volume fraction at higher hydration
levels. For example, cations like Na* and Ca®" interact with
water within the first hydration shell, causing more free-water
movement beyond the shell, whereas cations like Ni*" and Cu*’
are more strongly bound causing more structured and bound

water.** Thus, the mobility of transition-metal ions are low,
following the order of Fe’" < Ni*" < Cu®", with Fe*" bein, one
of the most detrimental to transport of water and ions.™"***
Ionic conductivity has been shown also to correlate well with
water pernleabilviﬁy,' which was investigated in the presence of
cations? RS IBSITARSASIST g p 08 545,545 -7, 551,555,657
and alcohol—water mixtures. For example, the
activation energy of permeation of the methanol/water mixture
was shown to follow: Rb™ > K* > Cs* >» H' > Li" > Na*,
without any trend on the ionic radius of the cation.”** In terms
of cation effects, water and methanol permeability in these
mixture solutions is higher in the Li" and Na" forms than it is in
the H" form, with Na" showing the highest water
permeability.”" On the contrary, water permeability in Nafion
decreases with the size of the cation, H" > Li" > Na© >

328,346, 650,56 1,666
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K7yasee yet still scales with fraction of the solvent,”*”

although it was shown to be thickness dependent; the
permeability coefficient increases with the size of cation for
thicker (>50 pm) membranes, while the opposite trend is
observed for thinner membranes.*"”

Since water diffusivity, although independent of ion trans-
port, is also related to the hydrophilic-domain network, the
correlation between diffusivity and conductivity provides
insight into the nature of the cation transport mechanism
(see secticm 4). Water diffusion exhibits a better correlation
with the volume fraction of water™®>'***! than does the ionic
conductivity. In such a D vs x plot, divalent ions exhibit a
slower slope than monovalent (alkali metal) cations, and H' is
an outlier exhibiting much higher conductivity than expected
from diffusivity trends, as discussed in Okada et al*7**
(Figure 55c) Also, when the size of conducting channel cross-
section was considered, the conductivity for H" becomes
remarkably high, implying faster migration of smaller ions as
well as access to the hydrogen-bond network and associated
Grotthuss transport mechanism (see section 4).°"" This was
demonstrated in a recent study’’’ where conductivities of
cation-exchanged Nafion measured as a function of RH were
tound to exhibit a universal scaling with water molecules per
charge, A/z (instead of per SO;7) (Figure $5d). This master
curve suggests a cation/water-uptake superposition, where
changes in counterion (charger carrier) concentration and 4,
driven by cation-solvation effects, govern the conductivity.”'*
Compared to the master curve, the conductivity for H" exhibits
a 10-fold increase due to hopping mechanism (Figore 55d).
Also, the fact that both conductivity and d-spacing correlate
with water per charge enforces the link between the
morphology and transport, as previously discussed for H' in
section 4.4

In terms of water transport, however, one can use the
transport number of water (defined as the electro-osmotic
coefficient in a solely proton-exchange membrane, see section
4.3.3) 7394955 The transport number of water in H' is the
lowest, approaching 1, and increases with increasing fraction of
cations, reaching S for K" and Cs, 10 for Na", and 15 to 20 for
Lit Y9338 6185 The water transport number (per cation,
M"), ty, scales linearly with free(zable) water molecules,
indicating that it is the bulk-like water that can pushed by the
cations.””** Tt increases also with cation hydrophilicity, in
which case it increases with 1.** For hydrophobic cations,
however, the transport number is determined by the volume
(size) of the cation (more so than 1).%'¢ It goes up with molar
volume or charge density and correlates with hydration
enthalpy of cations, ie, ions with large volume, hydration
enthalpy, or charge density tend to transport more water
molecules per ion in the absence of concentration gradients
(Figore 55d and Table 15).H0 HY is the least-coupled ion to
the water molecules, which manifests itself as a low water-
transport number,” whereas cations with larger enthalpy
(energy) of hydration tend to have lower permeability and also
higher selectivity! "3 (Figure 55). In fact, Xie and Okada
demonstrated a linear relationship between #y;, and hydration
enthalpy of the cation, signifying the direct contribution of the
hydration to water transport.”""*” Water transport coefficient
has two contributions: Coulombically hydrated/bound water
and water (hydro-dynamically) pumped by the ion during ion
transport, which is proportional to the cation size due to the
cation’s volume exclusion effect in the transport channels/
pathways of the membrane. Overall, studies on transport of H”

1075

o EEAL269,916,606 o .
compared to other cations,” " """ have indicated cations

with stronger interactions have reduced mobility (e.g, Li* and
Na') and slower diffusion, and therefore have higher water
transport number than H*.******** When water molecules are
strongly associated with a cation, such as Li*, their mobility and
diffusion is restricted, resulting in lower conductivity, and
higher transport numbers (>15 for Li” vs ~2.5 for H"). This is
also why the cations that interact strongly with the water also
reduce the free water in the membrane, which can be evidenced
by the lower fraction of freezable water.™ %% Ag the
cationic interactions increase, a higher number of water
molecules become bound to the SO, sites, which also exhibits
a linear correlation with the increase in selectivity.’™

The mobility and self-diffusion of cations are intimately
related to many other transport properties. For example,
selectivity scales with cation self-diffusion coefficient,**™* with
slower cations such as Cs" having high selectivity, as opposed to
more mobile Li*, which has low selectivity. Therefore, another
consequence of water/cation interaction is on the cation self-
diffusion, which decreases more than 1 order of magnitude
from monovalent to trivalent cations yet with almost no effect
on the self-diffusion of water, which was attributed to the
additional electrostatic friction in the diffusion of cations
governed by their charge state.'” Given the role of cation on
water uptake, cation self-diffusion exhibits a %ood correlation
with water volume fraction.”*#*%* ® Hence, ionic
mobility is governed by, and decreases with, affinity of cations
to SO;~ groups (electrostatics) and lower water content
(domain network cconnectivity).33S

Furthermore, gas permeability decreases when H' is
exchanged with cations (such as Na' and K') that interact
more strongly with the SO;™ group due to local stiffening and
changing free volume due to their larger size, thereby reducing
the permeability.””*"***"" TLarge cations push away the
surrounding molecules thereby making the ionomer stiffer
but also opening up additional free volume as inferred PALS™*
(also see section 4.5).

As a result of these interactions, some cations have unique
effects on PFSA, such as lithium, which has weak electrostatic
interactions with sulfonic-acid sites and favorable interactions
with water owing to its large solvation shell.********* Eor this
reason, Li" could carry a lot of water molecules with itself giving
rise to its high transport number (electro-osmotic coefficient)
in PESAs, "> and low cationic selectivity."™*” This also
suggests solvation being critical for electro-osmosis. Given its
interesting behavior, the Li'-form of Nafion has been examined
in many studies in terms of its uptake/solubility in liquid
water’ "2HHRAE and Vapor,lj LS, 247 swelling,mg birefrin-
gence,/*sg SAXS in various solvents and electrolytes, #1440

gas permeability and solubility”™’ permeability in
water "5 and alcohol, 430 conductivity,d"i’Mé cati-
onic self;diffusion,‘M’S‘Q(\"SW water self-diffusion,”'*"*¢ freezing
water,'™ thermal stability,” ¥****** transport in binary cationic
mixtures,” " and interactions (e.g, FTIR).j‘”’{E Overall,
replacing H" with Li" deteriorates conductivity and water
transport in PFSA, but improves stability, although with similar
water uptake.

7.3.1.3. Stability. Besides transport properties, the cationic
form has a substantial impact on the stability of the membranes,
a key issue that is often utilized to allow for different thermal
processing.

As discussed in section 5.2, by forming physical cross-links
within the cation-sulfonate sites, larger cations reduce the

6

DOL 10102 acs chemrev 6500159
Chem. Rev. 2017, 117, 987—-1104

ED_004850_00000362-00089



Chemical Reviews

{a} {b} {c}
®  Kusoglu et al. ® O Kusogh et al.
- 20 B4 ez - ¢ VYeoandChinl B g ime & Beers et al,
o & S 29 ‘. S 4 Baietal = Lo
a A . % Tangetal = A T B
3 o 01 B N 5 9 au L e
o - <5 - LS
L 2 g 2" 0m B 3 ™
W, = e 2 8
- = . | L] w»
g % 0.05 ] -
= " e H £ 4loo
& 51 ® Kusoglueial HBr & & s . HBr
N & .
o 4 Baietal 8 5 Tg
% Tangetal Q
Q 3 - .
0 2 4 [ 8 0 2 4 (3 8 3} 2 4 & a

Molality [mol/kgl

Molality [mol/kg]

Molarity [M]

Figare $6. Nafion in electrolytes. (a) Water-uptake and (b) proton conductivity as a function of molality of the external electrolyte concentration,

which are sulfuric acid (Tang et al.™") and hydrobromic acid (Kusoglu
of Nafion equilibrated with various concentration of HBr‘m
preboiled membranes, respectively). (Membranes are N212,”

in which conductivity goes through a maximum.

and HCI™!
A7 N11S

et al 47

Yeo and Chin,”** and Bai et al***). () Hydrophilic domain spacing

* obtained from SAXS {open and closed squares are for as-received and

~91%

and N117."") Shaded region in (b) highlights the concentration range

mobility thereby increasing the resistance to deformation (see
Figave 54).70F187H The elastic moduli of cation exchange
membranes increase linearly with the increase of cation
radius, #7771 due to the fact that large cations interact
with more sulfonate groups thereby further stabilizing the ionic
cross-links and reducing the side-chain mobility, Whi(,h also
improves thermal stability at relatively low energies.”" The fact
that cationic radius is more dominant than the charge number/
density is ascribed to limited surface area (between the sites/
side-chains) controlling the physical cross-linking.”"*

In general, multivalent ions interact stronger with the
ionomer resulting in multiple and stronger ionic cross-links
(see Figare 54) that hinder the molecular mobility, shift the
transition temperature (T,) toward h]gher thperaturL,
increase membrane modulub”lwmm(’ = strength,™' and
fracture energy,”'” and reduce transport.”>* The cations impact
PESA thermo-mechanical relaxations by restricting the local
mobility of jonic moieties, resulting in a shift in thermal-
transition temperatures (see section 5.4 )m A and trans-
port.”™ In fact, this shift in some cases manifest itself a switch
from a relaxation response (chain motion) to a degradation
response (side-chain).® In PFSA degradation mechanism,
as discussed in sectiom 7.1.4, backbone decomposition T (>500
°C) is less dependent on cations, whereas the onset of
sulfonate-group decomposition is most sensitive to cations (see
Figve 52) and changes with LAS.”"** From TGA and IR
data of PFSAs with various cations, two modes of ion
interaction effects were found regarding the LAS*”""* For
LAS > 0.3 (mainly multivalent), the cations have weak
polarizing effects on the SO, sites, but strongly interact with
the ether-oxide group thereby weakening the chemical C-O—
C bond and triggering thermal degradation. Cations with LAS
< 0.3, however, interact with both the SO;” sites and the ether-
oxide groups and tend to stiffen the structure and improve
thermal stability.*"* EW and side-chain length was also found to
be dominant in the latter regime.”™ Interestingly, for LAS >
0.5, stronger interaction of cations hinders the mobility so
much that the T, shifted toward a temperature beyond the
degradation one, meaning that degradation overcomes
plasticization.**"*

Overall, some properties appear to be strongly related to
cation size and radius, where size exclusion effects persist, while
some other properties exhibit better correlation with Lewis
Acid Strength (LAS) that accounts for both charge density and
cationic interactions. In addition, the former effects could be
screened in the presence of a large amount of water molecules

1076

oy
73,83

. . . . 44, 138,186,21537 8,531 .
shielding those interactions s but also give

rise to secondary effects such as the water/cation interactions
influence on transport properties. For example, at low 4, if LAS
values of sulfonate anion and cation are dissimilar, water
preferentially moves in between and separates them, otherwise
it attaches to the cation (Figure 54b).*"* Thus, water insertion
between an SO;” anion and a cation is minimized when the
LAS of the cation is similar to the base strength of the SO;”
(ca. 0.26), and maximized as it deviates from this value (for
example for Li* with lower LAS, and for Ni*', Co*" with higher
LAS)."" However, at high 4, such effects are not discernible
due to shielding by water, which was evidenced by the
insensitivity of the $O57, gy, symmetric stretching vibration in
FTIR.”>"* The 4 at which the frequency shifts bLgm depends
on the hydration of the SO;™ and counterion.”"" Shifts in Ty

becomes weaker with larger counterions, and is also enhanced
by their hydrophilicity due to the induced polarization by the
cation electrostatic field, while this polarization diminished
upon exchanging with hydrophobic counterions.” Thus, LAS is
a good indicator of the affinity of cation—anion pair and their
resistance to disruption by water,”>"! which not only impact
transport but also thermomechanical””****** nanostructur-
al** properties (Figwe 54). In fact, there appears to be a
transport/stability trade-off in PFSA ionomers such that a
cation that improves thermomechanical stability (via stronger
interactions and ionic cross-links) tends to cause detrimental
effects on transport, and, in particular, conductivity.""'“ Thus,
PFSAs exchanged with various cations not only provide a
playfield for exploring ionomer interactions but also for
modifying material functionality (e.g., doping, see section 7.2).
7.3.2. Interfacial and Electrolyte Effects: Anions. As
noted, many applications involve the use of PFSA membranes
in electrolyte solutions that contain multiple cations and anions,
notably the renewed interest in redox flow batteries.*>***** In
this section, we focus on the impact of different acid solutions
on the membrane properties and the next section focuses on
multiple cations. Although the impact of individual cations was
discussed above, the interaction of salts and even anions
warrants a mention, although an in-depth discussion is beyond
the scope of this review. Before proceeding, it should be
mentioned that one needs to consider how to handle the
interface between the PFSA and an electrolyte solution. For
ionomer membranes, a discontinuity in the potential (called the
Donnan potential) results due to the charged groups on the
polymer.”®** In this case, care should be taken when defining
the potential to be used along with the reference states for
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electrochemical potentials, if the quasi-electrostatic potential is
selected, the boundary relation becomes

(RT In mI, + zF®)|, = (RT In mI, + zF®)I

membrane

(66)

where z, m;, and I are the charge number, molality, and
activity coefficient of species i, respectively. If electroneutrality
does not hold because the electrolyte is dilute, and thus the
Debye length is large, one can solve the Pmsson Boltzmann
equation to determine the Donnan potential.”

Thus, the charged, tethered constituents within PFSAs can
impact the local electrostatics at the interface as well as
internally, where condensation of the protons could occur.
Such effects, known as Manning condensation, will occur
especially as the ion concentration within the membrane
increases, which can happen in different acid solutions if the
anions also enter the internal hydrophilic domains. These
effects can help to explain the fact that anions are known to
transport through the membrane. Inorganic acids in contact
with the PFSA can also greatly impact their properties. For
example, the conductivity and properties of PFSA membranes
in hydrobromic,”'**%"?****3 hydrochloric,”**"* phosphoric,””®
and sulfuric acids™***** was measured as summarized in
Figure 30, In the solutions, the proton conductivity increases
with acid content at low acid concentrations, despite a decrease
in water content, due to ionization of H,SO, that provides
additional protons that enhance conductivity. Although even in
dilute concentrations the membrane loses water, the proton
concentration increase in acid electrolytes could compensate
for this loss by acid dissociation."””*** At higher concen-
trations, however, the decrease in water content dominates
such that net effect is a loss in conductivity (i.e., free jonic-
charge carriers). This results in a peak in the conductivity
around 2 to 3M of external concentration, which can be
correlated to morphological changes inferred from d-spacing, ™
From the data, one can estimate Donnan concentration and try
and determine the amount of free protons in the membrane or
those available for conduction. Finally, it should be noted that
understanding and mitigating the decrease in conductivity with
higher acid concentrations is critical for the development of
redox flow batteries, seeing as the performance is typically
ohmically limited."**""* For example, in the HBr system,
optimizing the system efficiency revolves around minimizing
the concentration of HBr at the membrane interface.”*

7.3.3. Interfacial and Electrolyte Effects: Multiple
Cations. Another important aspect of transport phenomenon
is the coexistence of multiple cations in the PFSAs when they
fanction as an ion-exchange-membrane separator (e.g,, in redox
flow batteries, reverse osmosis, dialysis, etc.). Such devices
require enhanced transport of the desired cations while
restricting transport of undesired ones. As with many other
competing functionalities discussed in this review, this also
presents a trade-off between conductivity and crossover, in that
system efficiency is limited by the former at high current
density and by the latter at low current density.**® For example,
when the water mobility increases in water-purification
membranes, salt rejection decreases while the water flux
increases, making water behavior in hydrated nanostructure
an important aspect of jon-exchange process.” Thus, it was
suggested that measuring water motion and probing water—
polymer interactions at the necessary length and time scales
provides critical information for assessing the factors
controlling the performance of these materials and for
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developing new polymer compositions for clean-water
applications.**

Although the impact of cationic form was discussed above,
the interaction of different cations warrants a mention, although
an in-depth discussion is beyond the scope of this review. As
stated above, multiple cations can penetrate and change the
properties of the PFSA and result in more complicated physics
that requires separate ionic-species transport equations and
mass balances either in dilute- (e.g, Nernst—Planck) or
concentrated-solution theory,”""*** while one still needs to
consider the Donnan potential as well (AD, — AP in
eq 68).

The mobility of cations change when they coexist with other
cations, and their transport behavior is governed the nature of
the cationic interactions in the mixture and electrolyte
solution, ' 38SE3EORGEGEILEIRIN yvarall, replacing H' with
cations of higher valence due to their higher affinity to the SO;~
sites makes the remaining protons less mobile as discussed
above. %% 1y binary cation mixtures, the specific
conductivity decreases almost linearly with a decrease in H'
fraction.”"***** While multivalent cations tend to have higher
charge density and form stronger ionic cross-links despite their
lower concentration (per electroneutrality), for monovalent
cations, it is the size that appears to be a dominant factor. It has
been suggested that the increase in entropy when water is
released during exchange of H' for a metal jon is the
controlling factor in determining the magnitude of selectivity
coefficients,'"® whereas Pintauro et al. attributed it to
electrostatic interactions (8O, -cation) along with the
repulsive energy due to the hydration effects.™ >

Selectivity and mobility of ions in mixtures are interrelated,
and their transport is governed by a multitude of factors such as
size (exclusion) effects, valence (charge exclusion) effects, the
solvation (shell) of the cation, along with the nature of the
nanomorphology within which they reside and move. Thus,
cation selectivity can be defined similar to ¢q 56 as a ratio of ion
mobilities, S;y* = u;/uyy, which in essence relates the transport
of one species over that of the proton. In addition, one can
define a separate ion affinity or partition coefficient,

membrane L

G
Kyt = —
¢

H* (67)

where due to the ionic charge it has been defined with respect
to protons instead of the normal external solution.

Steck and Yeager' ™" measured the selectivity of cations in
mixed-cation forms and found that selectivity increases with the
size (radius) of the cation, because cations with smaller
hydration energies gain more energy from their electrostatic
interactions with the exchange site. The partition coefficient
was shown to be governed by the difference in free energies of
hydration between the cation and proton, AH, 7, which was
demonstrated by the fact that log of K+ scales with AH,,p,
indicating an entropy-controlled process during whlch entropy
is released when a proton is replaced by a metal ion.’"" Pivovar
et al. showed that when a PFSA is placed into an external acid
concentration, the partition coefficient of the acid increases,
leading to higher anion transference numbers, consistent with
Donnan exclusion.®” In such concentrated solutions, size
exclusion could be more important than the charge
exclusion, ™"

Moreover, cation-selectivity is reduced upon hydration.
Thus, overall selectivity decreases with higher cation self-
diffusion,”®  smaller cations, higher hydration, and larger
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hydrophilic domains, all of which contribute to the
larger spread in select]Vlty values in PFSAs. The highest
selectivity is for Cs*,""**” owing to its large radius and low
charge density and strong interaction with SO,™.>*® For this

reason, Cs* has very low moblhty, diffusion®"*'* and
conductivity, ermeability,””® ' ®%*" and swel-
. 247 328 484G

ling,' 447549 Ssa16si and is likely to be transferred through

the interfacial regions (51de chain) instead of the (weakly
hydrated) ionic domains,”™" as suggested by Yeager and
Steck.”™ (see Figure 54). Similarly, some solvents such as
alcohols (as discussed in section 4.6) or olefins™  preferentially
interact with the fluoroether-rich ionomer side-chain-SO;~
interface which controls their transport. Thus, cross-linking
and fillers are also expected to control selectivity by changing
the nature interface surroundmg the ionic sites (see section
7.2). Tandon and Pintauro™® showed that selectivity for
monovalent cations scale with cation size as Cs™ > K > Li", but
in binary mixtures, it is governed by a multitude of factors,
including composition and solvents. % The concentrations of
divalent cations in these mixtures are low compared to the
monovalent cations due to electroneutrality.”™

A series of papers by Okada, Xie, and co-work-
ers *PSINOI2EI2ES grydied Nafion with varying binary
compositions of counterions, to elucidate the underlying
mechanism of transport, including conductivity, self-diffusion
coeflicient, and transference number (the amount of charge
carried by an ion in the absence of concentrations gradients). It
was shown that these interactions follow the rule-of-mixture of
weakly and strongly interacting species in Nafion-composi-
tion.”" The transference number of a cation in a membrane is a
measure of the fraction of ionic current, i, carried by that cation,
which for a binary mixture is given by

XemHy*

byr =
Kbt Kgpg Upet

(68)

where x; is the mole fraction of species i The proton
transference number decreases in the presence of foreign
cations due to the above-mentioned affinity and water-content
effects”™ Measured £" values for Nafion exhibit a strong
dependence on the external electrolyte concentration as shown
for H Na" , and Li". 1,338 546,612, 89K 202 908

In m]xed cationic systems of binary compositions, interfer-
ence between the cations is lessened/screened in the presence
of more water molecules. For example, in mixed cationic
compositions of Na'/H*, Na*/Cs’, and Cs*/Ba®', the
conductivity-composition relationship is linear, meaning no
mutual interaction among the cations that move independent
of each other, whereas it is nonlinear for Na*/Ba*', Li*/K', and
Ca>'/H", md]catmg interactions between the cations and water
interference.”******** When less hydrophilic cations (Cs* and
Rb*) are mixed with more hydrophilic cations like Li', the
repulsive interactions between cations are screened and
mitigated due to large hydration shell of Li', which makes it
more likely for these cations to mix.*”® Also, while mobility of

" is less affected by the presence of other cations (Na', K,

and %Sb*), the mobility of these cations are more affected by
Lit™

For practical applications, the changes in water and ion
transport properties in various solutions can result in
nonintuitive trade-offs between migration and electro-osmosis
and thus device performance, as has been shown in all-
vanadium®™* and HBr'" flow batteries. For example, when
vanadium is present in membrane (V?**"3") it has a retarding
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effect on proton transport regardless of the valence state of
V% 1t was suggested that vanadium may disrupt acid and
water clustering by replacmg acid sites and forming hydration
shells with water.”'” Even with the renewed and previous
interest in flow batteries, gaps remain in understanding and

measuring changes of PFSA with different electrolytes.

8. COMCLUDING REMARKS AND FUTURE
EHRECTIONS

This review presents a comprehensive summary of PFSAs, both
Nafion and alternate PFSA chemistries, as well as recent
progress on composite and stabilized PFSAs. Thanks to an
increasing number of modeling and experimental studies with
these relatively newer ionomers, there is a need to understand
how they differ from traditional Nafion, as discussed
throughout this review. Although this review provides several
insights into the behavior of PFSAs and uncovers many of their
toundational aspects, there are still unanswered questions and
areas where further research is required, which are discussed
below.

PESAs have a long and rich history in research, which has not
only resulted in significant advances in stable and robust
ionomers for many next-generation technologies, including
most notably PEM fuel cells, but also provided significant
scientific challenges and partially contributed to the develop-
ment and demonstration of many new modeling and diagnostic
techniques, from in situ and operando characterization to
imaging with high spatial and temporal resolutions. In PFSA
research and applications, technological advances and scientific
progress have evolved together, providing a unique cross-
disciplinary research field that touches apon electrochemistry,
transport phenomena, polymer physics and chemistry,
mechanics, and structure/property characterization and multi-
scale modeling. In an effort to reflect the perspective from such
multiple disciplines, a significant effort has been made to collect
and analyze the published data, and, more importantly, to
develop new correlations from seemingly disparate data sets
including property expressions and structural relationships.
Such analysis provides new insights into PESAs. This article
reviews some aspects of PFSAs in-depth for the first time
including thin films, interfaces, sorption and modeling, various
aspects of transport and mechanically related phenomena,
along with the aforementioned new correlations based on
compiled literature data.

By compiling and combining hundreds of data set from the
literature, new structure/property relationships have been
presented, from which a fresh understanding of the many
topics have emerged. Such findings include the effect of
pretreatment, processing, chemistry, cation and electrolytes,
and degradation (chemical, mechanical, aging, and contami-
nation). In plotting various data together, clear trends appear in
some cases such as crystallinity vs TFE, d-spacing vs hydration,
and discrepancies in other like the water diffusivity from various
techniques showing vastly different values, but which can be
rationalized upon accounting for membrane history and
understanding what the different experiments are actually
measuring (e.g., transport and sorption versus just diffusion). In
addition, in conducting measurements, it is vital to recognize
the quasi-equilibrium nature of PFSAs, which exhibits multiple
relaxation mechanisms across a spectrum of time and length
scales. Studies should clearly report thermal history, the
processing and pretreatment effects, and equilibrium time
(even in steady-state experiments). For modified membranes,
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baseline comparisons must be included, any processing effect
that is integral part of the composite manufacturing should be
applied to the bare membrane itself; if possible. Efforts should
be made to make thickness, thermal history, processing,
measurement conditions, and equilibrium times all identical
$0 as to ensure fair comparisons and move the knowledge base
forward among the different studies.

It is clear that there is an underlying structure/function
relationship that governs the morphology, transport, and
stability of PFSAs. These aspects are rooted in the balance
between chemical and mechanical energies that form distinct
morphologies and resultant water sorption, which together
govern the various transport phenomena, whether it is proton
hopping, gas dissolution, water diffusion, etc. The various
phenomena are highly coupled, making their measurement and
analysis in exclusion hard to accomplish satisfactorily, which is
made even more challenging due to the dynamic and indistinct
nature of the PFSA phase separation. This phase separation is a
result of the chemical/mechanical energy balance where the
hydrophobic backbone phase segregates from the hydrophilic
sulfonic-acid sites, especially when hydrated. At full hydration,
this forms a locally flat nanodomain system that is connected at
the mesoscale in a network, which results in the macroscopi-
cally observable properties. There is a need to move beyond the
cluster-network type pictures of PFSA morphology, which may
be valid at low hydration, but are inconsistent with data at
higher hydration. Although a PFSA membrane is a phase-
separated ionomer, treating it as a two-phase material simplifies
its true characteristics and cannot capture the transition phases
(interfacial region) that impact its properties. For example, one
such issue is the hydrophobic/hydrophilic regions of the side-
chain, which interacts with various solvents and cations, and
therefore affects the interactions among the ions/solvents
within the more hydrophilic domains. There is also consensus
on the important role of a dynamic hydrophobic surface layer
that is responsive to environment and exhibits drastic changes
in favor of transport from vapor- to liquid-equilibrium. As for
the differences between the vapor/liquid equilibrium, ie,
Schroder’s paradox, or underlying origins of it, the role of
interfacial phenomena has been acknowledged, yet how it is
modeled is still not suitable, in part, due to challenges
associated with the interpretation of experimental observations
in a robust theoretical frame. The interface is a crucial property
of a PFSA membrane in that it accompanies any change in its
structure/property relationship.

A PFSA’s remarkable transport properties could primarily be
associated with nanoscale phenomena, such as the formation of
highly mobile bulk-like water in domains facilitating ion
transport. However, many factors controlling the macroscopic
transport manifest themselves at higher length scales, e.g, in the
nanodomain connectivity. It is this hierarchical morphology
that bridges nano- and macroscales, which governs the changes
in properties in response to heat-treatments, processing
reinforcements along with macroscopic dimensional changes
and swelling anisotropy, although with implications on
nanoscale behavior. Thus, there is need to move from
domain-level to network-level behavior, or bridge them,
whether it is for experimental characterization or modeling,
The field has witnessed more examples of such activities that
aim to link various length and time scales. While recent
molecular simulations tend to model larger scales and more
atoms, there is room for improvement to understand
macromolecular phenomena especially across the length scale.
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This is a promising avenue, and in particular with phase-field
and coarse-grained techniques (e.g, DPD), although care must
be exercised to remain physically consistent across the scales.
This is a significant challenge and opportunity to incorporate
water uaptake and multicomponent transport simulations
together such that chemical and mechanical energies are
evaluated consistently and simultaneously in the dynamic
framework of these materials. This is especially true in that
most continuum models on PFSA’s swelling and transport
behavior still incorporate phenomenological approaches either
to idealize the nanostructure or to account for some of the
experimental observations (e.g., transport properties). Even so,
most models are in fact for Nafion (or even 1100 EW one), and
their applicability for, or extension to, other PESAs is yet to be
demonstrated. There is also a need to develop more predictive,
holistic models for PFSAs.

As noted throughout, the molar ratio of water to sulfonic-
acid sites, 4, is often used to characterize water content,
although one could also use the water volume fraction (¢,)).
While the former has proven to be a useful parameter that
probes the local behavior of water, the latter is a better
representation of the network-level properties. However, the
difference between the two appears only when the side-chain
and EW changes, due to changing molar volumes, and in fact,
changes in the correlation of various structural and transport
properties with 4 or ¢, reveals insight into the network and
mesoscale properties, which has been shown to be valuable in
recent studies on these new PFSAs. It must be noted that,
despite early studies on non-Nafion chemistries around the
1990s, there is a significant renewed interest in alternative side-
chain chemistries in the past decade, driven by different
applications or usage (e.g, thin-films). Even though altering the
side-chain chemistry brings additional complexities to PFSAs,
studying such phenomena also helps to understand the role of
side-chain in PFSA’s structure/function relationship. Notwith-
standing these developments, a generalized picture of the
morphology of PFSAs (not just Nafion) accounting for EW and
side-chain effects is yet to be developed.

Furthermore, more focus is required on understanding not
just beginning of life performance and properties of PFSAs but
also the related degradation and durability issues. Thus,
additional studies are needed to understand how in-operando
stressors such as electrochemical potential impact morphology
as well as direct measurements of critical transport properties
across scales and how they change with related stressors. Much
of the durability depends on the synergistic (electro)chemical-
mechanical interactions mentioned above. Detailed knowledge
of these interactions would have significant impact on
technologies that exploit electrochemical-mechanical phenom-
ena, from shape-memory applications, electro-active polymers,
and bioinspired ionomer-based materials, to soft-active
materials based on hydrogels exhibiting strong swelling-
deformation coupling, as well as defect-detection in advanced
roll-to-roll manufacturing of membrane-electrode assemblies.

To solve the durability issues and move PFSAs into more
technologies, they are increasingly being found as composites
and hybrid ionomers, which not only demonstrate increased
lifetime and performance in electrochemical devices, but also
provide an opportunity for fundamental research. In fact, most
studies seem to fall into either category, ie, device-level
demonstration of a new hybrid PFSA or structure/property
characterization of it. An active area of research is elucidating
the new interfaces formed within the hybrid PFSAs, where
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ionomer moieties interact with the inorganic fillers and
additives, affecting the overall transport, thermal, and
mechanical properties. There is need to merge these activities,
not only to understand better the origins of device-level
improvements, but also create a knowledge base for developing
new materials, and their subsequent optimization. Accomplish-
ing the latter requires more systematic investigations, focusing
on both transport and stability, not each of them
independently. As discussed throughout, approaches that
examine the synergy between the various PESA properties
and phenomena are required since they are tightly coupled, and
typically nonlinearly, in these materials. Similarly, the coupling
in electro-mechanical phenomena in these materials is likewise
in its early stages. Although mechanically-reinforced mem-
branes are providing necessary functionalities for devices such
as going toward lower thicknesses, there are still deficiencies in
the science and anderstanding such as what is the definition of
EW and domain-network in such composite systems and how
can it be evaluated. Furthermore, careful examination of the
impact of the additives is not comprehensive, as most studies
with composite membrane focus solely on conductivity or
stability and not the underlying polymer physics driving those
properties. For example, while the concept of water retention
has been frequently used in the presence of inorganic fillers,
sorption/desorption phenomena in the vapor phase has not
been investigated systematically to truly elucidate the under-
lying origins of the retention mechanism, and its dynamics.
Moreover, despite very strong trends toward the use of thinner
and chemically/mechanically stabilized hybrid PFSAs, espe-
cially in automotive PEFC applications, the literature data and
models are lagging.

A related issue that is garnering much more attention is that
of PFSA in a thin-film motif, where the polymer chains are
confined. Such systems serve as proxies for complex porous
electrodes and exhibit phenomena associated with PFSA
surface layers and composite materials through mechanical
interactions. Even though substrate-specific interactions are
known to affect the ionic moieties’” distribution at the interface,
a complete picture as to how these interactions control the
orientation of ionomer’s side- and main-chain, and how
effectively any ordering in the morphology propagates through
the thickness are yet to be determined. Nevertheless, all of
these morphological and surface effects can help explain the
observed limitations in transport properties when Nafion is
topologically confined. For example, PFSAs exhibit anisotropy
in morphology and transport properties in composite
structures, and more importantly in confined thin films, for
which variation in transport resistances parallel and perpendic-
ular to the substrate is directly relevant to ionomer perform-
ance. Thus, there is need to move beyond scalar values to
direction-dependent properties and even tensor quantities. The
thin-films introduce the importance of substrate interactions,
especially during operation, which expands the required data
needs and science, most of which is still nascent. A similar focus
is emerging on the need to tailor and understand selectivity in
PFSA membranes used for reinvigorated activities such as redox
flow batteries. In these systems, multicomponent ijon
interactions with the PFSA and each other dominate, and
there is a lack of fundamental knowledge on the co-transport
issues as well as different cationic forms and exchange.

Overall, PFSAs remain benchmark materials due to their
unique transport properties and stability in various applications
and environments, and well-demonstrated real-world perform-
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ance and longevity in various devices, in particular PEFCs. With
new applications for PFSA ionomers emerging constantly, there
is a need to correlate and understand their transport, structural,
and mechanical phenomena and properties. This is especially
important in many applications that require multiple
functionalities, and such correlations are an area of active
research. Even though it is one class of material, research and
application on PFSA offers ample opportunity for tuning their
properties and functionality for emerging next-generation
technologies, setting benchmark material properties for design
and development of alternative chemistries of hybrid ion-
conductive materials, and adopting and developing advanced
modeling and diagnostic techniques due to the disparate length
and time scale that occur and dominate PFSA responses from
molecular movement to mesoscale transport to dynamic surface
layers and relaxation/swellling.
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